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Abstract  
Background: The benefits of breastfeeding to both infant and maternal health are 
widely recognised. Breastfeeding health promotion is critical for maternal and child 
health. Observational studies investigating factors associated with breastfeeding 
outcomes such as breastfeeding rate and breastfeeding duration are widely 
implemented in the literature. Various study designs, including cross-sectional, case-
control and cohort studies, have been used in observational breastfeeding studies. 
Among these study designs, prospective cohort, which is able to satisfy the 
‘temporality criterion’ for causality compared to ecological or case-control studies 
and has less ethical issues, is most commonly used in breastfeeding research.  
Breastfeeding data can be sourced as aggregated data from publications or reports 
and individual participant data (IPD) from original studies. However, in the statistical 
modelling of breastfeeding data, some key methodological problems still remain 
unresolved. For example, few studies have accounted for time-dependent exposures 
in longitudinal analysis of breastfeeding data. Time-dependent bias due to 
misclassification of time-varying exposures remains in survival analysis of time-to-
event breastfeeding outcomes. In the current literature, intra-cluster correlation is 
often ignored when modelling correlated breastfeeding data. In addition, there is no 
statistical approach available for modelling clustered time-to-event breastfeeding 
data with clumping at zero.  
Aims: This doctoral thesis aimed to address these key methodological problems in 
the statistical modelling of breastfeeding data with following specific objectives:  
Objective 1: Systematically review and analyse aggregated data from publications to 
assess the impact of caesarean section and maternal education on breastfeeding 
practices in China; 
Objective 2: Address the time-varying exposure issue and apply a generalized linear 
mixed model with time-dependent exposures for modelling longitudinal 
breastfeeding data; 
Objective 3: Address time-dependent bias issue in analysing time-to-event 
breastfeeding data and provide a statistical solution to avoid the bias; 
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Objective 4: Address the issue of heterogeneity between clustering units in correlated 
breastfeeding data and develop a novel two-part mixed-effects model to deal with the 
augmented zero problem in analysing clustered time-to-event breastfeeding data with 
an extension of the two-part mixed-effects model to accommodate heterogeneity and 
correlated random effects.  
Methods: This thesis developed or used different statistical models for modelling 
diverse types of breastfeeding data to achieve various research objectives.  
Method for Objective 1: Aggregated data from publications were collected and 
analysed to examine the association between caesarean section and breastfeeding 
practices postpartum, and the association between maternal education and 
breastfeeding practices postpartum, in China using systematic review and meta-
analysis techniques.  
Method for Objective 2: Time-varying exposure analysis was carried out by pooling 
longitudinal breastfeeding data from two breastfeeding cohort studies in Sichuan 
Province, China to examine the association between breastfeeding and calcium 
supplementation postpartum by incorporating time-varying exposures in a 
generalised linear mixed model (GLMM).  
Method for Objective 3: With the use of the time-to-event breastfeeding data 
collected in Sichuan Province, China between 2010 and 2011 as an example, time-
dependent bias introduced by ignoring or misclassification of time-varying exposure 
in paediatric time-to-event outcomes was illustrated, and the solution, an extended 
Cox model, to avoid such bias was given.  
Method for Objective 4: Data collected from a Nepal breastfeeding cohort study in 
2014 were utilised to illustrate two different frailty modelling approaches to account 
for heterogeneity between clustering units. Furthermore, the same data were used to 
illustrate how to analyse clustered time-to-event breastfeeding data with clumping at 
zero using the proposed two-part mixed-effects model.  
Results:  
Results (Objective 1): Both caesarean section and higher maternal education level 
were identified as detrimental factors associated with breastfeeding practices 
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postpartum in China. Compared with vaginal birth, the likelihood of mothers 
exclusively breastfeeding their babies during the early postpartum period was 
reduced by 47% and 39% reduction was found for the odds of breastfeeding at 4 
months postpartum after caesarean section. The odds of breastfeeding of mothers 
who had ‘more than six years’ or ‘more than twelve years’ education was reduced by 
10% or 9% respectively, compared to mothers obtaining ‘six years or less’ or ‘twelve 
years or less’ education.  
Results (Objective 2): Revealed by the GLMM, which took into account of both 
inherent correlations among repeated measurements and time-varying exposures, the 
pooled likelihood of taking calcium supplementation postpartum among 
breastfeeding mothers was 4.02 times (95% Confidence Interval (CI): 2.30, 7.03) 
higher than that of their non-breastfeeding counterparts.  
Results (Objective 3): In the illustrative example, based on the extended Cox model 
incorporating time-varying covariates, the effect of ‘solid foods introduction’ 
(Hazard Ratio (HR) 0.61, 95% CI 0.50, 0.75) on breastfeeding cessation from the 
time-fixed analysis was reversed (HR 1.50, 95% CI 1.17, 1.93). The non-significant 
association between ‘maternal return to work’ and breastfeeding cessation (HR 0.99, 
95% CI 0.73, 1.36) from the time-fixed analysis became significant (HR 1.45, 95% 
CI 1.06, 2.00). The findings suggested the time-fixed analysis may produce biased 
estimates with a smaller magnitude.  
Results (Objective 4): Using the semiparametric frailty approach, the random effects 
representing the variation in the hazard of breastfeeding cessation shared by mothers 
living in the 27 distinct communities were estimated and graphically presented. 
Compared with the conventional Cox model, Cox frailty model reduced the chance 
of type I error occurring and provided a better model fit in the presence of correlated 
survival data. Among candidate parametric frailty approaches, a Weibull 
proportional hazards (PH) model with a gamma frailty term was chosen to be used 
for modelling the correlated breastfeeding duration data from the cohort study in 
Nepal. Furthermore, when considering the augmented zeros existing in the same 
clustered time-to-event breastfeeding data, the developed two-part mixed-effects 
model was applied. A significantly positive correlation between the two parts was 
confirmed, suggesting the baseline prevalence of exclusive breastfeeding (EBF) and 
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EBF duration were correlated. This correlated two-part mixed-effects model 
outperformed the independent two-part model with a smaller -2 log-likelihood given 
that there was a correlation between the two processes.  
Conclusion: This thesis found that both caesarean section and higher maternal 
education had negative impacts on breastfeeding practices postpartum in China. 
Relevant health policy for improving breastfeeding outcomes in China should take 
these detrimental factors into consideration. We addressed some key methodological 
problems with statistical modelling of breastfeeding data. Specifically, to avoid time-
dependent bias and to achieve more precise and reliable statistical inference results, 
this thesis confirmed that the time-varying exposures should be accounted for in the 
statistical modelling of both time-to-event breastfeeding data and longitudinal 
breastfeeding. We further proposed a useful approach for modelling clustered time-
to-event breastfeeding data with clumping at zero. This approach makes full use of 
all available information at baseline and during follow-up, and takes into account not 
only the correlation within each clustering unit but also the correlation between the 
baseline process and the follow-up process. This approach has a potential to be 
generalised to other types of health related data in the presence of many zeros.  
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Chapter 1: Introduction  
1.1 Background  
1.1.1 Breastfeeding benefits and status  
Breastfeeding is the normal way for feeding infants, and it is widely recognised to 
offer numerous health benefits over breastmilk substitutes (Fulhan et al., 2003; 
Lawrence, 1994). Breastmilk provides sufficient nutrients that infants need for the 
first six months of their life, and the composition of breastmilk varies over time to 
meet the changing nutrition needs of infants growing in different periods after birth 
(Binns, 2003; Lawrence, 1994).  
Breastfeeding is not only the optimal nutrition resource for infants, but also plays a 
protective role against infant and maternal adverse health outcomes. Compared to 
non-breastfed infants, breastfed infants have been found to be less likely to develop 
adverse health outcomes, such as mortality and morbidity caused by infectious 
diseases (Labbok et al., 2004; Stuebe & Schwarz, 2010), allergic diseases (Gijsbers 
et al., 2005; Obihara et al., 2005), hyperlipidaemia (Owen et al., 2008; Owen et al., 
2002), hypertension (Martin et al., 2005; Owen et al., 2003; Stuebe et al., 2011), and 
type 2 diabetes (Owen et al., 2006; Pettitt et al., 1997; Young et al., 2002) in their 
childhood or adulthood. For mothers, breastfeeding has been confirmed to be able to 
reduce postpartum haemorrhage (Diaz et al., 1988), risk of postmenopausal hip 
fracture (Bjornerem et al., 2011) and risk of breast cancer (Collaborative Group on 
Hormonal Factors in Breast, 2002; do Carmo Franca-Botelho et al., 2012) and 
ovarian cancer (Li et al., 2014; Su et al., 2013). 
Given the extraordinary range of benefits from breastfeeding, the World Health 
Organization (WHO) recommends that infants should be exclusively breastfed up to 
6 months of age followed by continued breastfeeding while complementary foods are 
introduced (World Health Organization, 2018). Unfortunately, global breastfeeding 
levels fall short of the WHO recommendations, especially the exclusive 
breastfeeding rate and duration, which are at a relatively low level worldwide 
(Centers for Disease Control and Prevention, 2007; Labbok et al., 2006; Victora et 
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al., 2016). It was reported that in most high-income countries, the prevalence rate of 
breastfeeding is lower than 20% (Victora et al., 2016).  
1.1.2 Gaps in knowledge  
To understand the substantial impacts of factors on breastfeeding outcomes, studies 
investigating factors associated with breastfeeding rate and duration are widely 
conducted and reported in the literature (Garcia et al., 2016; Mangrio et al., 2017; 
Scott & Binns, 1999). Most researchers adopt quantitative methods to design their 
studies and guide their data collection followed by a series of statistical analyses. A 
variety of epidemiological designs including cross-sectional, case-control, 
prospective/retrospective cohort, and randomised control trials (RCT) have been 
used in breastfeeding studies. Among these designs, the prospective cohort study, 
which is able to satisfy the ‘temporality criterion’ for causality compared to 
ecological or case-control studies and has less ethical issues, is often chosen by 
breastfeeding researchers. (Rothman et al., 2008).  
However, in the statistical analysis of breastfeeding data, including aggregated data 
from publications and individual participant data (IPD) from original research, there 
are some key methodological problems and issues remaining unsolved.  
In the analysis of aggregated breastfeeding data, meta-analysis has been used to 
synthesise evidence from publications and quantify weighted overall effect size 
between exposures (or interventions) and breastfeeding rate or duration in the 
literature (Buccini et al., 2017; Lau et al., 2016; Schiff et al., 2014). However, 
inconsistent, even controversial, findings/conclusions were drawn from studies of 
Western and Asian countries, due to diverse cultural and economic settings between 
these countries. For example, in China, higher maternal education level was found 
having an inverse association with breastfeeding practices after birth in a number of 
studies (Huang et al., 2012; Kang et al., 2013; Liu et al., 2013; Qiu, 2008; Ye et al., 
2007). However, the opposite conclusion has been widely reported in Western 
countries (Heck et al., 2006; Kehler et al., 2009; Scott & Binns, 1999). Thus, 
Western-China differences in factors associated with breastfeeding rate/duration 
remain unclear. 
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In the analysis of breastfeeding IPD collected from prospectively designed 
longitudinal studies, time-varying exposures (also known as time-dependent 
exposures) are common during the follow-up. Studies on how to deal with time-
varying exposures in longitudinal data and time-to-event data have been sparse in the 
breastfeeding literature. In addition, breastfeeding data are commonly clustered. That 
is, lower level units (e.g., mothers) are often nested in higher level units (e.g. 
hospitals or communities), suggesting that those subjects nested in the same 
clustering units are correlated to each other due to some similar characteristics. 
Ignoring this inherent (intra-cluster) correlation within the clustering units may lead 
to an inflated Type I error, and incorrect statistical inferences. However, there are 
very few published breastfeeding studies taking the intra-cluster correlation into 
account.  
Furthermore, a notable proportion of mothers are reported not to exclusively 
breastfeed their babies at hospital discharge (Scott et al., 2006; Vila-Candel et al., 
2017) so that the breastfeeding durations for these mothers/infants are noted as zeros. 
Comprising other positive exclusive breastfeeding (EBF) durations, this type of data 
is known as time-to-event data with clumping at zero. Because standard survival 
analysis, which is often performed in the followed-up of an EBF duration study, only 
makes use of positive observations, in the literature most breastfeeding studies 
simply exclude mothers/infants with zero duration from their survival analysis. 
Consequently, the baseline information of these mothers/infants is lost in the 
standard survival analysis.  
A series of updated and rigorous statistical models or approaches for modelling 
breastfeeding data with taking into account for the above methodological issues is 
crucial and beneficial to researchers working in the field of infant nutrition and 
similar areas.  
1.2 Aim of this thesis  
The aim of this thesis is to address some key methodological problems in the 
analysis of breastfeeding data.  
This thesis has the following specific objectives:  
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Objective 1: Systematically review and analyse aggregated data from publications to 
assess the impact of caesarean section and maternal education on breastfeeding 
practices in China; 
Objective 2: Address the time-varying exposure issue and apply a generalized linear 
mixed model with time-dependent exposures for modelling longitudinal 
breastfeeding data; 
Objective 3: Address time-dependent bias issue in analysing time-to-event 
breastfeeding data and provide a statistical solution to avoid the bias; 
Objective 4: Address the issue of heterogeneity between clustering units in correlated 
breastfeeding data and develop a novel two-part mixed-effects model to deal with the 
augmented zero problem in analysing clustered time-to-event breastfeeding data with 
an extension of the two-part mixed-effects model to accommodate heterogeneity and 
correlated random effects.  
1.3 Significance of the thesis  
The two systematic review and meta-analysis studies, namely, on the association 
between caesarean section and breastfeeding practices and the association between 
maternal education and breastfeeding practices, gained the knowledge about the 
relationship between these two important factors and breastfeeding practices under 
Chinese culture and settings, and cleared the picture about the differences in some 
degree between Western countries and China. Findings from these studies could 
provide further evidence to the Chinese government and health administration for 
future decision making to inform targeted interventions aimed at improving 
breastfeeding promotion.  
Time-varying exposures are common in longitudinal data and time-to-event data. 
However, the application of time-varying exposures modelling is relatively sparse in 
the breastfeeding literature, and researchers often ignore the time-varying nature of 
exposures measured during follow-up in statistical analysis, which may result in 
incorrect statistical inference and conclusions. It is, therefore, important to account 
for time-varying exposures in longitudinal and time-to-event breastfeeding data 
analysis. An example on the importance of accounting for time-varying exposure in 
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longitudinal data analysis can be found in our study on the association between 
calcium supplementation postpartum and breastfeeding (Zhao et al., 2016). In this 
study, we treated the breastfeeding status at different time points postpartum as time-
varying exposure and incorporated it into a generalised linear mixed model 
(GLMM). A dynamic effect size with an enhanced strength of statistical inference 
was derived from the time-varying modelling. In the study of analysing time-to-event 
data with time-varying exposures, time-dependent bias was illustrated and discussed 
along with a solution, an extended Cox regression, to avoid it. Approaches used and 
illustrated in both longitudinal data and time-to-event data can be implemented in 
future breastfeeding studies.  
The proposed novel two-part mixed-effects model for analysing clustered time-to-
event data with clumping at zero makes full use of all available information at the 
baseline and during the follow-up. The proposed approach provides less biased 
parameter estimation and contributes to the body of knowledge in this area as well. In 
addition to breastfeeding research, the proposed approach can be applied to other 
public health research areas.  
1.4 Structure and contents of this thesis 
This thesis contains five published papers and one manuscript prepared for 
submission. In Chapter 2, we examine the association between caesarean section and 
breastfeeding practices in China based on the evidence from a systematic review and 
meta-analysis. In Chapter 3, we assess the association between maternal education 
and breastfeeding practices in China using a systematic review and meta-analysis 
approach as well. In Chapter 4, we examine the calcium supplementation status and 
identify whether breastfeeding is associated with increased calcium supplementation 
among Chinese mothers after child birth with incorporating time-varying exposures 
into GLMM. In Chapter 5, we illustrate time-dependent bias in conventional survival 
analysis due to ignoring time-varying exposures in time-fixed analysis and provide a 
statistical solution, an extend Cox model, to avoid such bias. In Chapter 6, we 
address the heterogeneity issue in the analysis of clustered time-to-event 
breastfeeding data and propose a two-part mixed-effects model for analysing 
clustered time-to-event data with clumping at zero and apply this approach to 
breastfeeding data from a maternal cohort study in Nepal as an illustrative example. 
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In Chapter 7, we synthesise the results of all the studies and provide an overall 
discussion, including our conclusions on statistical modelling in breastfeeding 
studies.  
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Chapter 2: Association between caesarean section 
and breastfeeding practices in China: a systematic 
review and meta-analysis 
The content of this chapter is covered by a published paper “Zhao, J., Zhao, Y., Du, 
M., Binns, C. W., & Lee, A. H. (2017). Does Caesarean Section Affect Breastfeeding 
Practices in China? A Systematic Review and Meta-Analysis. Maternal and child 
health journal, 21(11), 2008-2024. DOI: https://doi.org/10.1007/s10995-017-2369-
x”. (see Appendix C.2)  
The statement of primary contribution of the first author and the permission to 
include the publication in this thesis can be found in the Appendix A. The permission 
to reproduce the material from the publisher can be found in the Appendix C.1. 
2.1 Caesarean section and breastfeeding 
2.1.1 Caesarean section and breastfeeding globally 
Given that caesarean section rates continue increasing in most countries during the 
past decade, for example, 31.9% in the United States (Martin et al., 2018), 45.9% in 
Brazil (Gibbons et al., 2010), 42% in China (Mi & Liu, 2014), the effect of caesarean 
section on breastfeeding practices has been studied extensively (Guo et al., 2013; 
Joshi et al., 2014; Kohlhuber et al., 2008; Patel et al., 2015). However, findings from 
individual studies are inconsistent in the literature. For example, some studies 
reported the negative associations between caesarean delivery and breastfeeding 
outcomes such as breastfeeding initiation, breastfeeding rates at the first week and at 
4 months postpartum (Guo et al., 2013; Kohlhuber et al., 2008; Patel et al., 2015), 
while other studies reported no association between caesarean delivery and 
breastfeeding rates at 42 days postpartum, and breastfeeding prevalence within 6 
months postpartum (Joshi et al., 2014; Patel et al., 2015). A systematic review and 
meta-analysis on the association between caesarean section and breastfeeding was 
conducted by Prior et al. (2012) based on English literature searched in PubMed. The 
review concluded that elective caesarean section was associated with early 
breastfeeding negatively and no statistically significant association was found with 
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the breastfeeding rate at 6 months postpartum (Prior et al., 2012). However, the 
majority of breastfeeding studies undertaken in China were published in Chinese and 
hence excluded from this review (Prior et al., 2012). Some degree of bias may have 
resulted from this omission.  
2.1.2 Caesarean section and breastfeeding in China 
The caesarean section rate in China is high at 46.2% in 2007-2008 and 56.1% in 
2011 as shown in Figure 2-1, which are nearly double the global rate (Feng et al., 
2012; Hellerstein et al., 2015). Understanding the relationship between caesarean 
section and breastfeeding practices accurately in more depth is important to a country 
like China, where the caesarean section rate is far beyond the rate of 15% 
recommended by the World Health Organization (WHO) (World Health 
Organization, 2015). An updated systematic review and meta-analysis based on both 
English and Chinese literature would reduce the publication bias and improve the 
knowledge of the relationship between caesarean delivery and breastfeeding 
practices in China.  
 
Figure 2-1 Temporal trend of caesarean section rate in China (Hellerstein et al., 2015) 
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2.2 Systematic review and meta-analysis 
2.2.1 Systematic review 
Search strategy 
A systematic electronic search of both Chinese and English language articles on 
breastfeeding and method of delivery was conducted using the Chinese database 
China National Knowledge Infrastructure (CNKI) as well as Medline, EMBASE, 
CINAHL, ProQuest, and Science Direct from January 1990 to June 2015. A two-
stage search strategy was adopted following the PRISMA (Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses) and MOOSE (Meta-analysis Of 
Observational Studies in Epidemiology) guidelines (Moher et al., 2009; Stroup et al., 
2000).  
Stage 1: The following Medical Subject Headings (MeSH) terms and keywords 
“breast feeding”, “milk human”, “breastfeeding duration”, “breastfeeding cessation”, 
“human lactation”, “infant feed*”, “breastfed”, “risk factor*”, “protective factor*”, 
“determinant*”, “socioeconomic factor*”, “China”, “mainland China”, “Chinese” 
were used. 
Stage 2: The following MeSH terms and keywords “caesarean delivery”, “cesarean 
delivery”, “caesarean section”, “cesarean section” and “c-section” were further added 
to the search process. 
Corresponding Chinese terms and keywords were used to search in the database of 
CNKI. 
Literature screening and selection criteria 
At the initial screening stage, abstracts of eligible publications were retrieved by two 
independent reviewers (JZ and MRD). Relevant citations were identified after 
screening the abstracts, and their full-texts were then obtained and evaluated. 
Discrepancies on relevancy were resolved through consensus or referred to a third 
investigator (YZ) when necessary. Articles were included if they met the following 
criteria: (i) published in peer-reviewed journals or theses/dissertations; (ii) 
observational study design; (iii) reported the association between caesarean delivery 
Chapter 2: Caesarean section and breastfeeding practices in China 
13 
 
and breastfeeding quantitatively; (iv) effect size could be obtained directly or 
calculated from raw tabulated data. The exclusion criteria were as follows: (i) studies 
that did not specify sample size; (ii) studies that did not report or define time points 
of breastfeeding outcomes; (iii) studies that reported inappropriate statistical result 
(statistical error). 
Data extraction 
The following information was extracted from each eligible study for qualitative and 
quantitative synthesis: publication year, name of first author, study design, location 
of study, sample size, breastfeeding outcomes (including definitions of breastfeeding, 
types of breastfeeding, time points of measurements), other factors associated with 
the breastfeeding outcome, and raw tabulated data or effect size (odds ratios) 
reported via univariate analysis or multivariate analysis. In cases where the relevant 
results or raw data were missing, the authors were contacted by email. 
Odds ratios (ORs), either crude or adjusted, estimated from logistic regression 
analysis of ‘exclusive breastfeeding during early postpartum period’ and 
‘breastfeeding at 4 months postpartum’ for caesarean section versus vaginal delivery 
and their corresponding 95% confidence intervals (CIs), were extracted from the 
eligible studies. 
The definitions of breastfeeding used in the data extraction followed the World 
Health Organization (WHO) definitions (World Health Organization, 2003, 2008). 
Exclusive breastfeeding: Breastfeeding while giving no other food or liquid, not even 
water, except drops or syrups consisting of vitamins, mineral supplements or 
medicines. 
Full breastfeeding: Exclusive breastfeeding or predominant breastfeeding (or almost 
exclusive breastfeeding). Breastmilk is the only source of milk given to the infant 
regardless of supplementation with other fluids such as water and orange juice. 
Any breastfeeding: The child has received breastmilk (direct from the breast or 
expressed) with or without other drink, formula or other infant food. 
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Quality assessment 
To assess methodological quality of the selected studies, we developed a checklist 
based on the criteria proposed in Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) (von Elm et al., 2007) and the previous 
checklist proposed by Tooth et al. (2005). The possible score of our checklist ranges 
from 0 to 18, with scores above 14, between 11 and 14, and below 11 indicating 
high, medium and low quality, respectively (see Appendix C.2).  
2.2.2 Meta-analysis 
The odds ratios of ‘exclusive breastfeeding during early postpartum period’ (defined 
as initiation of breastfeeding or exclusive breastfeeding before discharge or exclusive 
breastfeeding at 42 days post birth) and ‘breastfeeding (including exclusive 
breastfeeding, full breastfeeding and any breastfeeding) at 4 months postpartum’, for 
caesarean section versus vaginal delivery, were the primary outcomes of interest. A 
meta-analysis was performed to determine the pooled effect size of caesarean 
delivery on these two breastfeeding outcomes separately. Based on the raw data 
extraction from the selected studies, the natural logarithmic transformed ORs were 
used in the meta-analysis. 
Fixed-effect (inverse variance (I-V) method of fixed-effect model) meta-analysis was 
performed initially, and heterogeneity across studies was assessed by the I-square 
statistic (Higgins & Thompson, 2002; Higgins et al., 2003). A random-effect model 
(DerSimonian and Laird (D+L) method of random-effect model) was further utilised 
and presented when the heterogeneity was confirmed statistically significant 
(DerSimonian & Laird, 1986). A meta-regression was then performed to investigate 
potential sources contributing to the heterogeneity. Subgroup analysis was 
undertaken to assess the magnitude of effect on the outcome variables of interest 
under different stratifications, which included different study designs (cross-
sectional, prospective cohort and retrospective cohort), different exclusive 
breastfeeding time points (initiation, before discharge and at 42 days after birth) and 
different definitions of breastfeeding (WHO and non-WHO).  
To test the dependence of effect size reported in each study, sensitivity analysis using 
the jackknife approach was performed to assess the robustness of the results (Miller, 
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1974). Such sensitivity analysis was repeated multiple times with one study removed 
per cycle.  
In order to ascertain publication bias and small sample size bias among the studies, 
Begg’s funnel plot/test and Egger’s test were applied (Egger et al., 1997). All 
calculations and statistical analyses were performed using the Stata package version 
14.1 (StataCorp LP, College Station, USA). A p value less than 0.05 was considered 
as statistically significant.  
2.3 Results of the systematic review 
As shown in Figure 2-2, a total of 1061 records were identified from both English 
and Chinese databases, and five more records were obtained from other sources. 
After removal of duplicates, 1054 articles were screened by manually reading titles 
and abstracts. As a result, 197 articles were deemed eligible for full-text review. 
After formal review, 151 of them were excluded (86 qualitative studies, 54 not 
suitable for analysis, 4 full-text Chinese publications incomplete, 1 sample size not 
specified, 3 with statistical errors, 3 duplicated the same study). One author was 
contacted to obtain additional data to calculate the rate of exclusive breastfeeding 
initiation (Xu, 2008). Finally, 46 articles (38 published in Chinese and 8 published in 
English, respectively) were included for the qualitative synthesis of systematic 
review (Table 2-1), among which 13 were suitable for meta-analysis of the 
association between caesarean delivery and ‘exclusive breastfeeding during early 
postpartum period’, and 14 were appropriate for meta-analysis of the effect of 
caesarean delivery on ‘breastfeeding at 4 months postpartum’ (Chen et al., 2010; 
Fang et al., 1996; Gan et al., 2007; Guo et al., 2013; He et al., 1994; Huang & Lu, 
2010; Jiang, 2000; Jiang & Li, 2008; Kang et al., 2013; Leng, 2014; Li, 2014; Liu, 
2008; Liu & Xing, 1998; Liu et al., 2014; Liu et al., 2012; Liu & Shao, 2009; Ma et 
al., 2009; Qin & Hua, 2013; Qiu, 2008; Ruan et al., 2012; Tang, 2013; Tang, 2014; 
Tian et al., 2008; Wang et al., 2006; Wang et al., 2005; Wang, 2010; Wang et al., 
2009; Wang et al., 1995; Wang et al., 2013; Wei & Li, 2009; Xu, 2008; Xu & Yu, 
2009; Xue et al., 2012; Yang & Feng, 2014; Ye, 2008; Yin et al., 2012; Yu, 2013; 
Zhang & Wang, 2000; Zhang & Shi, 2013; Zhang & Wu, 1999; Zhang et al., 2006; 
Zhang, 2012; Zhang et al., 2013; Zheng et al., 2008; Zhu et al., 2013; Zhu et al., 
2014). Among these 46 articles, 20 of them were assessed to be high scientific 
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quality, 24 medium quality and two low quality, according to the methodological 
quality checklist scores in Appendix C.2.  
 
Figure 2-2 PRISMA flow chart of the systematic review process 
2.4 Results of the meta-analysis 
2.4.1 Effect of caesarean section on ‘exclusive breastfeeding during 
early postpartum period’ 
The random-effect model meta-analysis of the 13 studies (441,044 subjects: 27,152 
in the caesarean delivery group and 413,892 in the vaginal delivery group) showed 
that the odds of ‘exclusive breastfeeding during early postpartum period’ was 47% 
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(pooled OR=0.53, 95% CI: 0.41, 0.68) lower in the caesarean delivery group than the 
vaginal delivery group (Figure 2-3), with a significant heterogeneity in effect sizes 
evident across the studies (I2 =90.6%, p<0.001).  
 
Figure 2-3 Forest plot showing the fixed-effect and random-effect meta-analysis for 
exclusive breastfeeding during early postpartum period 
The stepwise meta-regression analysis revealed no clear main sources for 
heterogeneity, which may be due to the small number of studies included in this 
meta-analysis (Higgins & Green, 2011). Exploratory subgroup analyses were further 
conducted with regard to study design (cross-sectional, prospective cohort and 
retrospective cohort), exclusive breastfeeding time points (initiation, before 
discharge and at 42 days after birth) and definitions of breastfeeding (WHO and non-
WHO).  
Subgroup analysis stratified by study design 
Of the 13 studies, six adopted a cross-sectional design, two used retrospective design 
and five were prospective cohort studies. Considerable heterogeneity remained 
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present in both cross-sectional and prospective cohort subgroups (I2=86.1%, p<0.001 
and I2=79.9%, p=0.001, respectively) whereas no significant heterogeneity was 
observed in the retrospective cohort subgroup (I2=38.5%, p=0.202). Meta-analysis 
stratified by the study design (Figure 2-4) showed that the adverse effect of caesarean 
delivery remained on the exclusive breastfeeding prevalence during early postpartum 
period for the three study designs (cross-sectional: pooled OR=0.42, 95% CI: 0.27, 
0.64; retrospective: pooled OR=0.85, 95% CI: 0.81, 0.89; prospective: pooled 
OR=0.59, 95% CI: 0.41, 0.85).  
 
Figure 2-4 Subgroup analysis for exclusive breastfeeding during early postpartum period 
stratified by study design 
Subgroup analysis stratified by exclusive breastfeeding time points 
Figure 2-5 presents the subgroup analysis stratified by time points (initiation, before 
discharge and at 42 days post birth) of exclusive breastfeeding outcomes measured. 
Again, the negative association between caesarean delivery and the exclusive 
breastfeeding prevalence during early postpartum period remained persistent 
(initiation: pooled OR=0.71, 95% CI: 0.55, 0.91; before discharge: pooled OR=0.39, 
95% CI: 0.23, 0.67; at 42 days post birth: pooled OR=0.52, 95% CI: 0.32, 0.86). 
Except the third subgroup (I2=0.0%, p=0.319), significant heterogeneity was evident 
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for the first two subgroups (initiation: I2=69.9%, p=0.010 and before discharge: 
I2=95.1%, p<0.001, respectively).  
 
Figure 2-5 Subgroup analysis for exclusive breastfeeding during early postpartum period 
stratified by time points of breastfeeding outcomes measured 
Subgroup analysis stratified by definitions of breastfeeding 
Figure 2-6 presents the result of subgroup analysis stratified by the definitions of 
breastfeeding (WHO and non-WHO). The adverse effect of caesarean delivery on the 
exclusive breastfeeding prevalence during early postpartum period was confirmed 
significant for both subgroups (WHO: pooled OR=0.58, 95% CI: 0.43, 0.77; non-
WHO: pooled OR=0.48, 95% CI: 0.29, 0.78). Significant heterogeneity was detected 
as well (WHO: I2=89.3%, p<0.001; non-WHO: I2=88.2%, p<0.001). 
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Figure 2-6 Subgroup analysis for exclusive breastfeeding during early postpartum period 
stratified by definitions 
2.4.2 Effect of caesarean section on ‘breastfeeding at four months 
postpartum’ 
Fourteen studies were included for this meta-analysis, among which one study (Liu, 
2008) had four sub-studies carried out independently in four different periods and 
consequently these sub-studies were regarded as separate studies in the meta-
analysis. Figure 2-7 shows that the prevalence of breastfeeding at 4 months 
postpartum was significantly lower after caesarean section (pooled OR=0.61, 95% 
CI: 0.53, 0.71). Significant heterogeneity (I2=60.6%, p=0.002) was found. 
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Figure 2-7 Forest plot showing the fixed-effect and random-effect meta-analysis for 
breastfeeding at 4 months postpartum 
Among the 14 studies, four used the WHO definitions. Based on the subgroup 
analysis stratified by the definitions of breastfeeding, the odds of breastfeeding at 4 
months postpartum reduced by 48% (pooled OR=0.52, 95% CI: 0.38, 0.72) when 
compared with that using non-WHO definitions (pooled OR=0.66, 95% CI: 0.56, 
0.77), as indicated in Figure 2-8. Heterogeneity was found marginally significant in 
both subgroups (WHO: I2=62.0%, p=0.048; non-WHO: I2=47.0%, p=0.049).  
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Figure 2-8 Subgroup analysis for breastfeeding at 4 months postpartum stratified by 
definitions 
2.4.3 Sensitivity analysis 
The results of sensitivity analysis for both breastfeeding outcomes showed that the 
pooled ORs remained significant when one study was omitted at a time during 
recalculation of the pooled ORs (Figure 2-9 and Figure 2-10), suggesting the pooled 
ORs were not substantially influenced by any individual study so that the results of 
meta-analysis were robust. 
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Figure 2-9 Sensitivity analysis for exclusive breastfeeding during early postpartum period 
 
Figure 2-10 Sensitivity analysis for breastfeeding at 4 months postpartum 
 
Chapter 2: Caesarean section and breastfeeding practices in China 
24 
 
2.4.4 Publication bias 
The distribution of 13 studies involved in the meta-analysis of ‘exclusive 
breastfeeding during early postpartum period’ showed in the funnel plot (Figure 2-
11) was considered asymmetric, however the Begg’s test was not significant 
(p=0.502), while some evidence of publication bias or small sample size effect was 
detected by the Egger’s test (p=0.007). 
 
Figure 2-11 Funnel plot exploring publication bias in exclusive breastfeeding during early 
postpartum period 
For the meta-analysis of ‘breastfeeding at 4 months postpartum’, the funnel plot 
(Figure 2-12) appeared symmetric (p=0.049 for Begg’s test and p=0.059 for Egger’s 
test), suggesting little publication bias or small sample size effect was present. 
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Figure 2-12 Funnel plot exploring publication bias in breastfeeding at 4 months postpartum 
2.5 Discussion 
The present systematic review incorporated 46 studies to assess the association 
between caesarean delivery and breastfeeding practices in China. The meta-analysis 
comprised of 13 studies (441,044 subjects) on ‘exclusive breastfeeding during early 
postpartum period’ and 14 studies (8,771 subjects) on ‘breastfeeding at 4 months 
postpartum’ to estimate the pooled relationship between caesarean delivery and 
breastfeeding outcomes. Based on our findings, caesarean delivery was found to have 
an adverse effect on the breastfeeding outcomes. More specifically, compared with 
vaginal birth, the likelihood of mothers exclusively breastfeeding their babies during 
the early postpartum period was reduced by 47% (pooled OR=0.53) and 39% (pooled 
OR=0.61) reduction was found for the odds of breastfeeding at 4 months postpartum 
after caesarean section. Our finding of ‘exclusive breastfeeding during the early 
postpartum period’ (pooled OR=0.53; 95% CI: 0.41, 0.68) appears to be consistent 
with a previous review (pooled OR=0.57, 95% CI:0.50, 0.64) (Prior et al., 2012). 
Our finding of significant impact of caesarean section on ‘breastfeeding at 4 months 
postpartum’ (pooled OR=0.61, 95% CI: 0.53, 0.71) supports the statistically 
significant conclusion for any breastfeeding at 6 months postpartum regardless of 
whether women did or did not initiate breastfeeding (pooled OR=0.91, 95% CI: 0.86, 
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0.97) reported by Prior et al. (2012). However, it is different from the non-significant 
result from subgroup analysis restricted to women initiating breastfeeding in that 
same review (pooled OR=0.95, 95% CI:0.89, 1.01) (Prior et al., 2012). The current 
knowledge of surgery consequences suggests that postsurgical pain, haemorrhage, 
infections as well as some hormone issues (like prolactin level postpartum) affect 
breastfeeding, however these effects lessen in strength over time, indicating the 
impact of caesarean delivery on breastfeeding may attenuate over time (Chapman & 
Perez-Escamilla, 1999; Liu et al., 2012; Marcus et al., 2015; Mkontwana & 
Novikova, 2015; Prior et al., 2012; Wang et al., 2006). Previous studies showed that 
caesarean section remained an important barrier to early initiation of breastfeeding as 
well as to the implementation of hospital practices such as delayed skin-to-skin 
contact between mother-infant pairs (Bramson et al., 2010; Rowe-Murray & Fisher, 
2002). Given the negative association between caesarean section and breastfeeding 
outcomes revealed in the present analysis, it suggests that early initiation of 
breastfeeding may play a role of mediator variable between caesarean section and 
premature cessation of exclusive breastfeeding or any breastfeeding.  
It is well known that China has a high caesarean section rate where nearly half of the 
babies born were delivered by caesarean section in 2010 (Hellerstein et al., 2015). 
The reasons for such a high rate mainly include three important factors: the obstetric 
care system in China (in hospital births, urbanisation, highly covered New Co-
operative Medical Scheme that reduces patient costs and increases revenues for 
doctors and hospitals for caesarean than for vaginal deliveries, and high volume of 
deliveries), health care provider factors (insufficient nurses/midwives, some doctors 
do recommend caesarean section to avoid possible lawsuits in view of the medical 
malpractice environment), and cultural aspects of patient preference (demand for 
perfect baby, fear of pain, increasing numbers of macrosomia, increasing pregnancies 
in older women and delivery date choosing because of luck and belief) (Hellerstein et 
al., 2015; Long et al., 2012; Mi & Liu, 2014). It was reported that among women 
with high caesarean section rate of 46.2% in China, 11.7% were cases of caesarean 
section on maternal request (Lumbiganon et al., 2010). Although the association 
between caesarean section on maternal request and breastfeeding has been 
investigated in China (Liu et al., 2012), there is a gap in research on the different 
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impacts of caesarean section on breastfeeding outcomes with respect to medical 
indication and maternal request (Liu et al., 2015; Tang et al., 2006).  
The findings of this study suggest that practices or interventions after caesarean 
delivery are of benefits to improve breastfeeding behaviours. The practice of 
maternal-infant skin to skin contact after birth has been increasingly considered as an 
efficient way to promote breastfeeding status postpartum especially breastfeeding 
initiation (Moore et al., 2016). The feasibility of an intervention of skin to skin 
contact after caesarean delivery in the operating room to improve breastfeeding as 
well as maternal satisfaction and pain perception outcomes was described and 
evaluated in previous studies (Hung & Berg, 2011; Sundin & Mazac, 2015). 
However, to our best knowledge, there is no intervention described to improve 
breastfeeding practice following caesarean section available in the literature. Future 
intervention studies to promote breastfeeding after caesarean delivery are warranted. 
A major strength of this study was the extensive searches conducted in both Chinese 
and English literature to ensure all relevant articles have been included to reduce 
reporting bias. Therefore, relative to the previous systematic review work by Prior et 
al. (2012), this study provided further insights into the association between caesarean 
section and breastfeeding practice in China, a country with relatively high caesarean 
section rate. In addition to the associations between caesarean section and 
breastfeeding practice at two time points, namely, early breastfeeding and 6 months 
postpartum, which were mainly reported in the previous systematic review (Prior et 
al., 2012), the study synthesised the effect sizes at 4 months postpartum. 
Consequently, a temporal trend of the pooled magnitudes can be roughly observed. 
Furthermore, several studies without clarification of valid time-point for the 
breastfeeding outcomes had been excluded to enhance the quality of our evaluation. 
However, publication bias was still detected in the meta-analyses for early 
postpartum exclusive breastfeeding using the Egger’s test (Higgins & Green, 2011). 
Six months postpartum is the recommended period for exclusive breastfeeding by the 
WHO, and it would be more comparable with other studies if the impact of caesarean 
section on ‘breastfeeding at 6 months postpartum’ could be examined in our study, 
however most of available reports in the present systematic review comprised the 
breastfeeding outcomes only for within 6 months postpartum. In view of the small 
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number of studies addressing breastfeeding outcomes at 6 months postpartum, the 
corresponding quantitative synthesis was not performed. Another limitation concerns 
that the pooled weighted effect size was estimated based on both crude and adjusted 
ORs due to the limited number of eligible studies available. Ideally, extraction of 
data and analysis should be performed for adjusted ORs, as consequence, the impact 
of caesarean section on breastfeeding practice could be assessed under the 
controlling for possible confounding effects. Since most of studies retrieved were 
cross-sectional in this systematic review, a causal relationship between caesarean 
section and breastfeeding rates could not be concluded. Compared to the previous 
systematic review (Prior et al., 2012), in which caesarean section by sub-types 
(elective or emergency) was examined and subgroup analysis by restricting to 
women who initiated breastfeeding after delivery was performed, unfortunately, 
these analyses were not performed due to lack of such information available in those 
studies included in our systematic review.  
In conclusion, the present study confirmed that the likelihood of breastfeeding, 
including ‘exclusive breastfeeding during early postpartum period’ and 
‘breastfeeding at 4 months postpartum’, was significantly lower after caesarean 
section in China. Breastfeeding, especially exclusive breastfeeding, provides optimal 
infant nutrition and benefits both maternal and child health (Victora et al., 2000). 
Therefore, health policy and measures to improve breastfeeding outcomes should 
target the reduction of caesarean rate and health intervention after caesarean delivery 
in China. 
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Table 2-1 Characteristics of studies assessing the association between caesarean delivery and breastfeeding in China 
Published 
year 
First author Study design Location Sample size 
Other factors associated with 
breastfeeding outcomes 
Breastfeeding outcome 
measured 
Definition Score 
1994 HE, H.L Cross-sectional Fuzhou 216 
Initiation time, milk bottle using, 
sleep, alcohol drinks 
Breastfeeding at 1mo 
postpartum 
Non-WHO 13 
1995 WANG, S Cross-sectional Beijing 439 
BFHI, maternal age, method of 
delivery, infant gender, gestational 
reaction 
FB at 4mo postpartum 
Reclassified 
with WHO 
definition 
13 
1996 FANG, L.L Cross-sectional Beijing 60 Initiation time EBF at 42d/4mo postpartum WHO 
13 
 
1998 LIU, J Cross-sectional Inner Mongolia 374 
Maternal health condition, 
complication, nutrition condition, 
appetite after delivery, maternal 
education, initiation time 
Breastfeeding 0-90 day 
postpartum 
Non-WHO 11 
1999 ZHANG, S.J 
Prospective 
cohort 
Hebei 207 Knowledge of breastfeeding, 
confidence of breastfeeding, 
Breastfeeding at 1mo 
postpartum 
Non-WHO 15 
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initiation time, breast milk 
substitute 
2000 
ZHANG, 
G.D 
Prospective 
cohort 
Chongqing 627 Postpartum hemorrhage 
Breastfeeding 28d/4mo 
postpartum 
Non-WHO 11 
2000 JIANG, G.F Cross-sectional Liuhe 736 Maternal education, rooming-in EBF within 6mo postpartum WHO 15 
2005 WANG, C.X 
Retrospective 
cohort 
Jinan 853 
Maternal education, health 
education, milk powder promotion, 
initiation time 
EBF at 4mo postpartum Non-WHO 16 
2006 WANG, B.S 
Prospective 
cohort 
Shanghai 602 NA FB at 1,6,12 mo postpartum 
Reclassified 
with WHO 
definition 
13 
2006 
ZHANG, 
W.K 
Prospective 
cohort 
Beijing 802 
Maternal age, early touch time, 
perception of breastfeeding during 
gestation, living space 
FB 2-5d, 42d postpartum 
Reclassified 
with WHO 
definition 
16 
2007 GAN, W.L Cross-sectional Chongqing 375 
Maternal age, maternal education, 
occupation, maternal mood, 
postpartum home visit, income 
monthly 
EBF at 4mo postpartum Non-WHO 12 
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2008 XU, F.L 
Prospective 
cohort 
Xinjiang 1064 
Giving breastmilk as the first feed, 
feeding on demand, mother feeling 
given enough information about 
breastfeeding, minority ethnic 
group, giving birth in spring or 
summer, medical staff not 
recommending formula to parents, 
prelacteal feeds of water or 
formula 
AF initiation/ EBF initiation 
WHO 
 
18 
2008 LIU, F.L 
Retrospective 
cohort 
Xinxiang 
288 
NA 
AF at 4mo postpartum in year 
2000, 2002, 2004 and 2006 
separately 
Non-WHO 13 
392 
415 
376 
2008 ZHENG, K.Y Cross-sectional Hangzhou 628 
Neonatal disease, initiation time, 
early feeding 
AF before discharge 
Reclassified 
with WHO 
definition 
16 
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2008 TIAN, J.Z Cross-sectional Zhejiang 253 
Neonate disease, early sucking, 
initiation time, breastfeeding 
confidence, maternal education 
FB before discharge 
Reclassified 
with WHO 
definition 
14 
2008 YE, C.E Cross-sectional Ninghai 931 
Maternal education, health 
education 
EBF at 4mo postpartum Non-WHO 16 
2008 JIANG, Z.H 
Retrospective 
cohort 
Herbin 310 Initiation time, maternal education EBF at 42d postpartum Non-WHO 14 
2008 QIU, L.Q 
Prospective 
cohort 
Zhejiang 917 
Living in the suburb and rural 
areas, maternal age, mother 
decides to breastfeed until after 
birth, prelacteal feeding 
EBF initiation/ at discharge WHO 18 
2009 LIU, X.Q Cross-sectional Beijing 123 Health education, initiation time Breastfeeding 42d postpartum Non-WHO 11 
2009 XU, T 
Retrospective 
cohort 
Shenyang 1025 Maternal age, family income FB at 6mo postpartum 
Reclassified 
with WHO 
definition 
17 
2009 WEI, X.J 
Retrospective 
cohort 
Zhengzhou 
501 
NA 
FB 42d postpartum in year 
1996-2007 separately 
16 
445 
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458 
Reclassified 
with WHO 
definition 
503 
541 
399 
340 
223 
347 
284 
250 
246 
2009 WANG, R Cross-sectional Kunming 1328 NA 
EBF initiation, at 4mo 
postpartum 
Non-WHO 15 
2009 MA, X 
Prospective 
cohort 
Shaanxi 605 Initiation time, perception of 
breastfeeding, supplementary 
EBF before discharge and 1mo 
postpartum 
Non-WHO 13 
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feeding, confidence of 
breastfeeding, milk bottle using 
2010 CHEN, Y.F Cross-sectional Wuhan 445 
Prenatal preparation, initiation 
time, right feeding method, feeding 
confidence, maternal nutrition, 
feeding setting 
Breastfeeding within 4mo-6mo 
postpartum 
Non-WHO 13 
2010 WANG, H.Z Cross-sectional Changli 1296 
Health education, maternal 
education 
EBF at 6mo postpartum WHO 13 
2010 HUANG, Q.J Cross-sectional Shanghai 350 Early feeding, milk bottle using EBF before discharge WHO 13 
2012 RUAN, M.J Cross-sectional Beijing 103 
Maternal education, fixed term job, 
maternal age 
EBF at 4mo postpartum Non-WHO 13 
2012 
ZHANG, 
Y.M 
Prospective 
cohort 
Chengdu 268 NA EBF at discharge Non-WHO 15 
2012 XUE, F Cross-sectional Changshu 126 Area (rural or urban) EBF at 4mo postpartum Non-WHO 13 
2012 YIN, X.G 
Prospective 
cohort 
Hefei 2522 
Maternal education, family 
income, premature birth 
AF at 2mo, 4mo postpartum 
Reclassified 
with WHO 
definition 
18 
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2012 LIU, X 
Retrospective 
cohort 
27 sites 431,704 NA EBF before discharge WHO 17 
2013 ZHANG, Q.J Cross-sectional Zhengzhou 612 NA EBF 24h before discharge Non-WHO 8 
2013 
ZHANG, 
Y.X 
Cross-sectional Danyang 3057 
First breastfeeding duration, 
perception of breastmilk amount, 
psychosocial factors 
 
FB before discharge and after 
discharge 
WHO 15 
2013 KANG, Y Cross-sectional Chongqing 939 
Infant gender, maternal education, 
income monthly, birth weight, 
duration of maternal leave, 
perception of breastmilk amount, 
prelacteal feeding 
Breastfeeding at 6mo Non-WHO 14 
2013 WANG, Z Cross-sectional Zhejiang 528 
Infant age, infant gender, early 
feeding, perception of breastmilk 
amount 
EBF within 6mo postpartum WHO 16 
2013 GUO, S.F Cross-sectional 26 counties 2293 
Maternal antenatal clinic visit, 
child’s age 
EBF initiation /within 6mo 
postpartum 
WHO 14 
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2013 ZHU, P 
Prospective 
cohort 
Hefei 1602 
Preterm birth, breastfeeding 
frequency on Day 1, life events in 
the third trimester, onset of 
lactation 
AF at 2mo postpartum 
Reclassified 
with WHO 
definition 
14 
2013 QIN, L.L 
Retrospective 
cohort 
Suzhou 1212 
Maternal occupation, maternal age, 
birth  region, breastfeeding 
professional instruction 
EBF at 4mo postpartum WHO 17 
2013 TANG, L 
Prospective 
cohort 
Jiangyou 693 
Father’s attitude towards 
breastfeeding, early breastfeeding 
initiation 
EBF initiation within 1h post 
birth 
/ AF at discharge/ FB at 
discharge 
WHO 18 
2013 YU, C 
Prospective 
cohort 
Chengdu 845 
Maternal occupation, paternal 
education, intention of going back 
to work, first feeding, mothers’ 
friends breastfeed their babies, 
paternal job, staff encouragement, 
father’s attitude, maternal 
AF within 15 d postpartum/ FB 
within 15d postpartum 
WHO 
18 
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grandmother’s breastfeeding 
history 
2014 TANG, Z.J Cross-sectional Guangzhou 315 NA BF at 6mo postpartum 
Reclassified 
with WHO 
definition 
13 
2014 LIU, L.F Cross-sectional Lishui 675 
Family income monthly, early 
initiation, health education, 
neonatal disease 
EBF within 6mo WHO 16 
2014 LENG, X.L Cross-sectional Shenzhen 1200 Maternal age, initiation time FB within 6mo postpartum 
Reclassified 
with WHO 
definition 
13 
2014 YANG, Y.L Cross-sectional Wuhan 513 
Health education, maternal 
education, prenatal high risk 
factors 
EBF within 6mo postpartum Non-WHO 8 
2014 LI, R Cross-sectional Shenzhen 840 Initiation time, nipples condition EBF before discharge Non-WHO 13 
2014 ZHU, X Cross-sectional Three cities 151 
Occupation status, baby’s first 
sucking time, times of sucking 
when back home per day 
EBF at 6mo postpartum Non-WHO 14 
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BFHI: Baby Friendly Hospital Initiative; FB: full breastfeeding; EBF: exclusive breastfeeding AF: any breastfeeding 
 
Chapter 3: Maternal education and breastfeeding practices in China 
45 
 
Chapter 3: Maternal education and breastfeeding 
practices in China: a systematic review and meta-
analysis 
The content of this chapter is covered by a published paper “Zhao, J., Zhao, Y., Du, 
M., Binns, C. W., & Lee, A. H. (2017). Maternal education and breastfeeding 
practices in China: A systematic review and meta-analysis. Midwifery, 50, 62-71. 
DOI: https://doi.org/10.1016/j.midw.2017.03.011”. (see Appendix D.2) 
The statement of primary contribution of the first author and the permission to 
include the publication in this thesis can be found in the Appendix A. The permission 
to reproduce the material from the publisher can be found in the Appendix D.1. 
3.1 Introduction 
Breastfeeding is the optimal feeding method for infants as breastmilk provides all 
nutrients that infants need for healthy growth and development up to six months of 
age (Gillman et al., 2001; Schanler et al., 1999). The benefits of breastfeeding to both 
infant and maternal health, either short term or long term, are well documented in the 
literature (Bhandari et al., 2003; Howie et al., 1990; Ip et al., 2007). Because of the 
public health benefits of breastfeeding, many countries have initiated health 
promotion interventions, prioritizing recognized factors affecting breastfeeding 
outcomes, to support and promote breastfeeding practices, especially exclusive 
breastfeeding (Bernaix et al., 2010; Howell et al., 2014; Kramer et al., 2001; Oken et 
al., 2013; Pisacane et al., 2012). Among the factors affecting breastfeeding practices, 
maternal education has been investigated widely as maternal intellectual maturity has 
been speculated as one of the most important factors influencing a woman’s decision 
to breastfeed (Chin et al., 2008; Li et al., 2005). However, the findings and 
conclusions are inconsistent. The effect of maternal education has often been 
concluded differently in studies carried out in China compared to those in Western 
countries (Heck et al., 2006; Kehler et al., 2009; Ludvigsson & Ludvigsson, 2005; 
Scott & Binns, 1999). In Western countries, including the U.S., Australia, New 
Zealand, Canada, the Netherlands, Sweden and Italy, studies report that higher 
maternal education is associated with higher odds for breastfeeding (Dubois & 
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Girard, 2003; Heath et al., 2002; Heck et al., 2006; Hornell et al., 1999; Lanting et 
al., 2005; Riva et al., 1999; Scott & Binns, 1999).  
Some studies in China agreed well with the above findings from those Western 
countries (Jiang, 2000; Ma et al., 2014), however, others have reached the opposite 
conclusions (Huang et al., 2012; Qiu, 2008; Ye et al., 2007). There has been no 
published systematic review of the impact of maternal education on breastfeeding 
prevalence in China. In this thesis, a systematic review and meta-analysis of 
breastfeeding studies carried out in China was undertaken to examine the association 
between maternal education and breastfeeding prevalence. The findings of this study 
have the potential to guide the provision of focused and evidence-based interventions 
aimed to promote breastfeeding in China.  
3.2 Systematic review and meta-analysis 
3.2.1 Systematic review 
Search strategy 
Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines (Moher et al., 2009), a systematic electronic search was 
conducted to retrieve literature published in Chinese or English using the Chinese 
database China National Knowledge Infrastructure (CNKI) and English databases 
Medline, Embase, CINAHL, ProQuest and Science Direct from January 1990 to June 
2015. The search strategy adopted included the following two stages: 
Stage 1: The following Medical Subject Headings (MeSH) terms and keywords 
“breast feeding”, “ human milk”, “breastfeeding duration”, “breastfeeding 
cessation”, “human lactation”, “infant feed*”, “breastfed”, “risk factor*”, “protective 
factor*”, “determinant*”, “socioeconomic factor*”, “China”, “Mainland China”, 
“Chinese” were used. 
Stage 2: The following MeSH terms and keywords “maternal education”, 
“education” and “education status” were further added to the search process. 
Literature screening and selection criteria 
Chapter 3: Maternal education and breastfeeding practices in China 
47 
 
The abstracts of the identified records were screened by two independent reviewers 
(JZ and MRD) to check whether they were appropriate to be included in the present 
study. Full texts were then extracted and evaluated after the abstract screening 
confirmed the appropriateness. The inclusion criteria for the studies were: (i) 
published in peer-reviewed journals or theses/dissertations; (ii) observational study 
design; (iii) reported and evaluated the relationship between maternal education and 
breastfeeding prevalence quantitatively; (iv) effect size with 95% confidence 
intervals (CIs) could be obtained directly or calculated from the raw tabulated data. 
The exclusion criteria were: (i) sample size not specified; (ii) time points of 
breastfeeding outcomes not reported or defined; (iii) inappropriate statistical result 
reported (statistical error); (iv) unspecified category of maternal education. 
Discrepancies were discussed between JZ and MRD until a consensus could be 
reached or referred to a third investigator (YZ) when necessary. 
Data extraction 
Information, including published year, first author name, study design, location of 
study, sample size, breastfeeding outcomes measured, maternal education status, 
other factors associated with breastfeeding outcomes, results of tabulated data or 
effect size (odds ratio: OR) with their corresponding 95% CIs reported by univariate 
analysis (crude ORs) or multivariable analysis with adjustment for confounders 
(adjusted ORs), was retrieved from each eligible study for qualitative and 
quantitative synthesis. In cases in which essential information was not provided in 
articles, the authors were contacted by email. 
We followed the World Health Organization (WHO) definitions in the data 
extraction (World Health Organization, 2003, 2008): 
Exclusive breastfeeding: Breastfeeding while giving no other food or liquid, not even 
water, except drops or syrups consisting of vitamins, mineral supplements or 
medicines. 
Full breastfeeding: Exclusive breastfeeding or predominant breastfeeding (or almost 
exclusive breastfeeding). Breastmilk is the only source of milk given to the infant 
regardless of supplementation with other fluids such as water and orange juice. 
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Any breastfeeding: The child has received breastmilk (direct from the breast or 
expressed) with or without other drink, formula or other infant food. 
Quality assessment 
Each selected study had been assessed its methodological quality using a formal 
checklist ‘the Standard Quality Assessment Criteria for Evaluating Primary Research 
Papers from a Variety of Fields’ (Kmet et al., 2004). Two independent researchers 
(JZ and MRD) performed the scoring process according to each criterion of the 
checklist. Each item of each eligible study was given a score (0-No, 1-Partial, 2-Yes) 
based on the degree to which the criteria were met. The summary score was then 
calculated by summing the total score obtained across relevant items then divided by 
the total possible score (22) for the study. Therefore, study quality scores ranged 
from 0 to 1, where a higher score corresponds to higher quality. Any discrepancies 
between the assessors were resolved by consensus.  
Assessment of risk of bias 
Based on the Cochrane Collaboration’s tool for assessing the risk of bias and GRADE 
guidelines of assessing study limitations (risk of bias) in observational studies (Guyatt 
et al., 2011; Higgins et al., 2011), we summarized key criteria to assess the risk of bias 
across studies included for five domains: incomplete outcome data (attrition bias), 
selective reporting (reporting bias), lack of adjustment for baseline characteristics, 
failure to develop and apply appropriate eligibility criteria and flawed measurement of 
both exposure and outcome. For each domain, we classified studies into low, unknown, 
and high risk of bias.  
3.2.2 Meta-analysis 
In this study, maternal education (in years) refers to the formal education mothers 
receive in primary schools, high schools or tertiary institutes and was coded into two 
binary categorical variables. All eligible studies were classified into two groups 
based on different cut-off values used in the coding of maternal education. In Group 
1, maternal education was recoded into two categories ‘more than 6 years (>6 years) 
education’ versus ‘6 years or less (<=6 years) education’, while in Group 2 the 
coding criteria was ‘more than 12 years (>12 years) education’ versus ‘12 years or 
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less (<=12 years) education’, respectively. The ORs of breastfeeding (including 
exclusive breastfeeding, full breastfeeding and any breastfeeding within 12 months 
postpartum) comparing higher educational status to lower educational status were the 
primary statistical measures and were transformed into the logarithmic scale for 
meta-analysis. Considering the effect of confounding, crude ORs and adjusted ORs 
were pooled separately in both groups.  
A fixed-effect meta-analysis by the inverse variance (I-V) method was conducted to 
pool the OR between maternal education and breastfeeding prevalence (Higgins & 
Green, 2011). Visual inspection of a Galbraith plot was conducted to detect the 
heterogeneity due to individual studies (Bax et al., 2009). The I2 statistic was used to 
assess the heterogeneity across the studies (Higgins & Thompson, 2002; Higgins et 
al., 2003). A random-effect meta-analysis by DerSimonian and Laird (D+L) method 
was applied when significant heterogeneity was present (DerSimonian & Laird, 
1986). A meta-regression was conducted to investigate the potential sources of 
heterogeneity. Subgroup analysis was carried out if some factors were detected being 
significant in meta-regression. Considering the difference between fixed time point 
prevalence of breastfeeding for cohort study and period average prevalence of 
breastfeeding for cross-sectional study, subgroup analysis based on the design of the 
study (cohort study or cross-sectional study) was performed for both Group 1 and 
Group 2. To test the dependence of effect size reported in each study, a sensitivity 
analysis using the Jack-knife method was performed to assess the robustness of the 
results (Miller, 1974). Begg’s test and Egger’s test were conducted to investigate the 
publication bias or small sample size bias across studies (Egger et al., 1997). All 
statistical analyses were performed using the Stata package version 14.1 (StataCorp 
LP, College Station, USA). A p value less than 0.05 was considered statistically 
significant. 
3.3 Results of the systematic review 
As shown in Figure 3-1, a total of 181 studies were identified from English and 
Chinese databases and 4 additional records were obtained via ProQuest Dissertations 
and Theses. After removal of duplicate articles, 54 articles were retrieved to assess 
eligibility and ultimately, 31 studies were included in the systematic review, as 
shown in Table 3-1. The 31 studies included 23 cross-sectional studies (Guo et al., 
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2013; Huang et al., 2012; Jiang, 2000; Jiang et al., 2013; Kang et al., 2013; Ke, 1993; 
Li et al., 2003; Lin et al., 1997; Liu et al., 2013; Liu & Zhou, 2013; Ruan et al., 2012; 
Tang, 2014; Tian et al., 2008; Wang, 2010; Wang et al., 2013; Wu & Qiu, 2015; 
Xiao, 2001; Xiong et al., 2006; Yang & Feng, 2014; Ye, 2008; Ye et al., 2007; Yu & 
Song, 2000; Zhang et al., 1998), 4 retrospective studies (Jiang & Li, 2008; Ma et al., 
2014; Qin & Hua, 2013; Wang et al., 2005) and 4 prospective studies (Qiu, 2008; 
Tang, 2013; Xu, 2008; Yu, 2013). The time points of breastfeeding outcomes 
measured included ‘before hospital discharge’, 15 days, 28 days, 1 month, 42 days, 2 
months, 3 months, 4 months and 6 months postpartum. The quality score of each 
study included was calculated and reported in Table 3-1 with a mean of 0.80 and 
standard deviation of 0.15, ranging from 0.50 to 1.00. Assessment of risk of bias 
across studies is shown in Table 3-2. High risk of attrition bias due to incomplete 
outcome data was found in only 6 (19%) studies, high risk of reporting bias due to 
selective reporting of outcomes was rated in only 4 (13%) studies, and high risk of 
bias due to lack of adjustment for baseline characteristics was identified in 18 (58%) 
studies. No high risk of bias due to failure to develop and apply appropriate 
eligibility criteria and flawed measurement of both exposure and outcome was found 
in studies, which were rated as either “low risk of bias” or “unknown risk of bias”.  
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Figure 3-1 PRISMA flow chart of the systematic review process 
3.4 Results of the meta-analysis 
Fifteen studies were included in Group 1 for meta-analysis (Jiang, 2000; Jiang et al., 
2013; Kang et al., 2013; Ke, 1993; Liu et al., 2013; Liu & Zhou, 2013; Ma et al., 
2014; Qiu, 2008; Ruan et al., 2012; Wang et al., 2005; Wang, 2010; Wu & Qiu, 
2015; Xu, 2008; Ye, 2008; Yu, 2013), and 26 studies were involved in Group 2 for 
meta-analysis (Jiang & Li, 2008; Kang et al., 2013; Li et al., 2003; Lin et al., 1997; 
Liu et al., 2013; Liu & Zhou, 2013; Ma et al., 2014; Qin & Hua, 2013; Qiu, 2008; 
Ruan et al., 2012; Tang, 2013; Tang, 2014; Tian et al., 2008; Wang et al., 2005; 
Wang et al., 2013; Wu & Qiu, 2015; Xiao, 2001; Xiong et al., 2006; Xu, 2008; Yang 
& Feng, 2014; Ye, 2008; Yu, 2013; Yu & Song, 2000; Zhang et al., 1998), among 
which 2 individual studies were classified into 4 sub-studies due to the various 
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breastfeeding outcomes measured (Tang, 2013; Yu, 2013). Note that there were 11 
studies commonly shared by both groups as they provided results suitable for both 
cut-off values (Kang et al., 2013; Liu et al., 2013; Liu & Zhou, 2013; Ma et al., 2014; 
Qiu, 2008; Ruan et al., 2012; Wang et al., 2005; Wu & Qiu, 2015; Xu, 2008; Ye, 
2008; Yu, 2013) and 3 studies excluded in either group as they were not suitable to 
be quantitatively synthesized using either cut-off values (Guo et al., 2013; Huang et 
al., 2012; Ye et al., 2007). Four studies reported appropriate adjusted odds ratios 
from multiple logistic regressions which controlled for potential confounders (Guo et 
al., 2013; Huang et al., 2012; Li et al., 2003; Ye et al., 2007), but only one study 
could be used in the quantitative synthesis based on the preselected cut-off value (Li 
et al., 2003). The remaining studies reported crude (unadjusted) ORs or provided 
tabulated data to calculate the crude ORs for the meta-analysis.  
3.4.1 Meta-analysis for Group 1: ‘> 6 years’ versus ‘<=6 years’ 
In Group1, where the maternal education was categorised using the cut-off of ‘6-year 
education’, 15 studies (13395 subjects) were included in the meta-analysis of the 
association between maternal education and breastfeeding. The random-effect meta-
analysis indicated that the odds of breastfeeding were 10% (pooled OR=0.90, 95% 
CI: 0.83, 0.97) lower in mothers who had been educated for ‘more than 6 years’ 
compared to mothers who had ‘6 years or less’ education. There was substantial 
heterogeneity across the studies (I2 =92.5%, p<0.001) as shown in Figure 3-2. A 
visual inspection of Galbraith plot suggested several individual studies (Jiang, 2000; 
Jiang et al., 2013; Liu & Zhou, 2013; Ma et al., 2014; Qiu, 2008; Wu & Qiu, 2015; 
Xu, 2008; Ye, 2008; Yu, 2013) were the potential sources of the heterogeneity 
(Figure 3-3).  
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Figure 3-2 Forest plot of the association between maternal education and breastfeeding in 
Group 1 
 
Figure 3-3 Visual inspection of heterogeneity sources via a Galbraith plot in Group 1 
A meta-regression analysis including the study level covariates such as published 
year, sample size, study design, definitions of breastfeeding, and quality assessment 
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scores of studies was performed to investigate the sources of heterogeneity. None of 
the above covariates were found contributing to the heterogeneity between studies.  
Subgroup analysis stratified by sample size 
Studies in Group 1 were divided into two subgroups: one subgroup of studies with a 
sample size smaller than the mean of sample sizes and the other subgroup of studies 
with a sample size larger than the mean of sample sizes.  
A subgroup meta-analysis stratified by the sample size was performed as shown in 
Figure 3-4. In the subgroup of studies with a sample size smaller than the average 
sample size, the pooled OR is 0.77 (95% CI: 0.57, 1.03), suggesting a nonsignificant 
association between maternal education and breastfeeding prevalence, while in the 
other subgroup with a sample size larger than the average sample size, the pooled OR 
is 0.91 (95% CI: 0.85, 0.98), revealing a negative impact of maternal education on 
breastfeeding prevalence.  
 
Figure 3-4 Subgroup analysis stratified by sample size in Group 1 
Subgroup analysis stratified by study design 
Studies in Group 1 were further classified into two subgroups according to their 
study designs: cross-sectional studies and cohort studies as shown in Figure 3-5. In 
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the subgroup of cross-sectional studies, the pooled OR is 0.84 (95% CI: 0.74, 0.95) 
showing a significant negative impact of maternal education on breastfeeding, while 
in the cohort studies subgroup, the pooled OR is 0.98 (95% CI: 0.84, 1.14), 
indicating no significant association between maternal education and breastfeeding. 
 
Figure 3-5 Subgroup analysis stratified by study design in Group 1 
3.4.2 Meta-analysis for Group 2: ‘> 12 years’ versus ‘<=12 years’ 
A total of 26 studies (15366 subjects) were included in Group 2 for the meta-analysis 
to investigate the pooled effect of maternal education on breastfeeding when the 
maternal education was categorised using the cut-off of ‘12-year education’. As Figure 
3-6 shows, a random-effect meta-analysis revealed that compared to the mothers who 
had ‘12 years or less’ education, the odds of breastfeeding in mothers who attained 
‘more than 12 years’ education was significantly lower by 9% (pooled OR=0.91, 95% 
CI: 0.86, 0.96). An evident heterogeneity was present (I2 =85.2%, p<0.001) and the 
corresponding Galbraith plot as shown in Figure 3-7 identified that the individual 
studies (Jiang & Li, 2008; Lin et al., 1997; Liu & Zhou, 2013; Qin & Hua, 2013; Qiu, 
2008; Tang, 2013; Tang, 2014; Wu & Qiu, 2015; Xiong et al., 2006; Yang & Feng, 
2014; Ye, 2008; Yu, 2013) were the potential source of the heterogeneity. 
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Figure 3-6 Forest plot of the association between maternal education and breastfeeding in 
Group 2 
 
Figure 3-7 Visual inspection of heterogeneity sources via a Galbraith plot in Group 2 
A meta-regression analysis was performed to investigate whether study level factors 
(published year, sample size, study design, definitions of breastfeeding, and quality 
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assessment scores of studies) contribute to the heterogeneity; however, none of them 
were found to be a source of the heterogeneity. 
Subgroup analysis stratified by study design 
Subgroup analysis stratified by study design (cross-sectional study and cohort study) 
was performed as shown in Figure 3-8. The pooled OR in the subgroup of cross-
sectional studies is 0.82 (95% CI: 0.73, 0.93), indicating a significant negative 
association between maternal education and breastfeeding, however, in the subgroup 
of cohort studies the pooled OR is 0.97 (95% CI: 0.92, 1.02), suggesting 
nonsignificant impact of maternal education. 
 
Figure 3-8 Subgroup analysis stratified by study design in Group 2 
3.4.3 Sensitivity analysis 
The sensitivity analysis (Figure 3-9 and Figure 3-10) indicated that the pooled effect 
size remained significant when each study was omitted in turn, which suggested that 
the results of the meta-analysis were robust. 
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Figure 3-9 Sensitivity analysis assessing the influence of individual study on the pooled 
effect size in Group 1 
 
Figure 3-10 Sensitivity analysis assessing the influence of individual study on the pooled 
effect size in Group 2 
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3.4.4 Publication bias 
For the meta-analysis of 15 studies in Group1, the funnel plot showed symmetric, 
consistent with the Begg’s test (p=0.373) and Egger’s test (p=0.236), suggesting that 
no publication bias or small study effect was present. 
 
Figure 3-11 Funnel plot visualizing the publication bias in Group 1 
The funnel plot of 26 studies in the meta-analysis of Group 2 appeared asymmetric. 
Although the Begg’s test showed no significant publication bias or small study effect 
(p=0.146), the Egger’s test suggested significant publication bias or small study effect 
(p=0.005). 
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Figure 3-12 Funnel plot visualizing the publication bias in Group 2 
3.5 Discussion 
To our knowledge, this is the first systematic review and meta-analysis examining 
the impact of maternal education level on breastfeeding prevalence in China. The 
results of the present study showed that the odds of breastfeeding of mothers who 
had ‘more than six years’ or ‘more than twelve years’ education was reduced by 10% 
or 9% respectively, compared to mothers obtaining ‘six years or less’ or ‘twelve 
years or less’ education, respectively. 
These results differ from published results of studies carried out in other countries, 
where a positive association between maternal education and breastfeeding 
prevalence (Al-Sahab et al., 2010; Barria et al., 2008; Baxter et al., 2009; Esteves et 
al., 2014) has frequently been reported, indicating higher maternal education is 
associated with higher odds of breastfeeding. By contrast the majority of studies 
carried out in China reported a negative or non-significant association between 
maternal education and breastfeeding prevalence regardless the association was 
assessed independently (Jiang et al., 2013; Wu & Qiu, 2015; Ye, 2008) with no 
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adjustment of confounders or with an adjustment for potential confounders (Guo et 
al., 2013; Huang et al., 2012; Tang, 2013; Wang et al., 2013; Xu et al., 2007; Ye et 
al., 2007). Esteves et al. (2014) discussed the findings of one Brazilian study which 
also reported that higher schooling was a risk factor for delayed breastfeeding 
initiation within the first hour after birth in Brazil (Silveira et al., 2008). They 
speculated that this ‘negative’ association was caused by not adjusting for the 
potential impact of other variables on breastfeeding. However, based on our present 
systematic review, several studies from China concluded that the negative 
association between maternal education and breastfeeding remained even after 
adjusting potential confounders (Huang et al., 2012; Ye et al., 2007), similar to the 
findings of the Brazilian study.  
Maternal occupation and maternity leave are two commonly recognised important 
factors, which may potentially confound or mediate the effect of the maternal 
education on breastfeeding prevalence (Baxter, 2008; Jiang et al., 2012; Tan, 2011). 
Mothers who have higher education normally have better paid but heavy workload 
full-time job in China. As these mothers are paid well and then have the financial 
resource to afford purchasing foreign imported infant formula, which is much 
demanding and expensive after the melamine contamination affair in 2008, for their 
babies rather feeding breastmilk (Gong & Jackson, 2012; Guan et al., 2009; Parry, 
2008). Furthermore, highly educated mothers are usually working full time in a 
professional or executive position and tend to have shorter breastfeeding duration 
(Kang et al., 2013; Wu & Qiu, 2015). In China, if workplaces do not provide a 
supportive environment, breastfeeding in public spaces is doubtful to be encouraged 
or even accepted and full-time working mothers may choose ceasing breastfeeding. 
At present, female employees in China are entitled to 98 days of maternity leave and 
among the 98 days, 15 may be taken before giving birth, which means that mothers 
have to return to work around 3 months after delivery (Liu et al., 2009). In that case, 
mothers who attained higher education are more likely to return to formal 
employment after birth compared to the mothers with lower education level.  
In addition, to some extent, some incorrect traditional perceptions in China also have 
strong adverse influence on breastfeeding practices (Xu et al., 2009). One popular 
typical incorrect traditional perception about breastfeeding among mothers is that 
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breastfeeding could impact on mothers’ health or change mothers’ body figure (Chen 
& Ji, 1993). Therefore, some mothers, especially those who have higher education or 
higher income and pay more attention to their health or body figure after giving birth, 
are willing to choose infant formula to feed their babies instead of breast milk.  
With the short maternity leave that is available, a busy and heavy workload, and a 
less supportive, even unaccepting attitude to breastfeeding in public, as well as some 
incorrect traditional perceptions on breastfeeding, all these together might cause a 
number of better educated mothers to choose to rely on infant formula rather than 
breastfeeding. 
Generally, it is recommended that breastfeeding women have access to midwives 
who are capable of providing information and support for breastfeeding (Australian 
Nursing & Midwifery Federation, 2015). However, in China, there is a severe 
shortage of midwives, with on average only around 3 midwives available for every 
100,000 people, which will be exacerbated now that the one child policy has been 
cancelled (Wang, 2015). The mothers who have attained high education levels 
usually have a better paid job which allows them the possibility of access to 
midwives’ information and support. A skilled midwives training program has been 
launched by The National Health and Family Planning Commission in 2014 (Wang, 
2015), which may become a novel and effective breastfeeding promotion measure 
aiming at mothers with high educational status but low breastfeeding prevalence. In 
addition to the midwife workforce, primary health care which provides maternal care 
from prenatal to postpartum period needs to ensure the efficient delivery of high-
quality breastfeeding promotion to highly educated mothers with suboptimal 
breastfeeding practice. 
The present systematic review retrieved both English and Chinese literature on 
associations between maternal education and breastfeeding prevalence to reduce 
reporting bias. In addition, different cut-off points were used to improve the 
sensitivity of pooled effect size estimate. 
However, there are several limitations of this study should be taken into account 
when considering the results of the study. Firstly, the majority of studies eligible for 
our systematic review only reported crude (unadjusted) odds ratios without 
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adjustment for any confounders. Due to the limited number of studies that provided 
adjusted odds ratio, the crude odds ratios were also included in the meta-analysis, 
which might lead to some concerns about the accuracy and precision of the pooled 
effect size estimation due to the missing of adjustment for possible confounding 
effects. If future studies conducted in China could address the possible confounding 
effects, new investigations controlling for confounders such as other socioeconomic 
status, health status, ethnicity, residence area and maternity leave are recommended 
for uncovering the more accurate adjusted relationship between maternal education 
and breastfeeding. Secondly, no evidence showed that publication bias or small study 
effect was present in the meta-analysis for Group 1, however, Egger’s test and funnel 
plot both suggested publication bias or small study effect were present in the analysis 
for Group 2. 
In conclusion, the results of our study show a negative association between the 
maternal education and breastfeeding prevalence within 12 months postpartum. 
Mothers who have attained a higher level of education are less likely to breastfeed 
their babies compared to mothers with lower education levels in the context of the 
Chinese culture and employment environment. Intervention programs with a major 
focus on the factors related to the effect of maternal education on breastfeeding 
discussed in this study should be trialled to improve breastfeeding practices in China. 
These programs would need to promote breastfeeding in general but would give 
some priority to special groups, including better educated mothers. A further priority 
is to promote breastfeeding supportive workplaces. The role of the midwife in 
breastfeeding is essential in promoting and supporting breastfeeding mothers, 
especially help mothers to practice breastfeeding in a professional manner. 
Therefore, enhancing community acceptability of breastfeeding integrated with the 
supportive role of midwives is also an important aspect. Future research should 
evaluate intervention studies to promote breastfeeding by mothers of all levels of 
education, including those who are better educated.  
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Table 3-1 Characteristics of studies (n=31) assessing the association between maternal education and breastfeeding in China 
Published 
year 
First author Study design Location Sample size 
Other factors associated with 
breastfeeding outcomes 
Breastfeeding outcome 
measured 
Definition Score 
1993 KE, F.F Cross-sectional Quanzhou 459 
Rooming in, breastmilk initiation, 
income, nutrition during lactation, 
gender, disease, reproductive plan, 
menstruation resumed 
EBF at 4mo postpartum WHO 0.73 
1997 LIN, L Cross-sectional Guangdong 418 
Fatigue after delivery, rooming in, 
lack of breastfeeding knowledge 
and skills, income per capita, 
maternity leave 
EBF at 4mo postpartum Non-WHO 0.64 
1998 ZHANG, H.L Cross-sectional Wuhan 344 
Maternal occupation, rooming in, 
breastfeeding on demand 
FB at 4mo postpartum WHO 0.68 
2000 YU, H.M Cross-sectional Karamay 368 Maternity leave, ethnicity FB within 4mo postpartum WHO 0.82 
2000 JIANG, G.F Cross-sectional Liuhe 736 Rooming in, delivery method EBF within 6mo postpartum WHO 0.77 
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2001 XIAO, D.Q Cross-sectional Beijing 286 Delivery method 
EBF within 28 days 
postpartum 
WHO 0.68 
2003 LI, L.B Cross-sectional Beijing 251 Maternal antenatal feeding plan 
Breastfeeding during 6-12mo 
postpartum 
WHO 0.95 
2005 WANG, C.X 
Retrospective 
cohort 
Jinan 622 
Delivery method, health education, 
milk powder promotion, initiation 
time 
EBF at 4mo postpartum Non-WHO 0.77 
2006 XIONG, H.J Cross-sectional Beijing 146 NA EBF at 1,2,3,4mo postpartum WHO 0.59 
2007 YE, J.L Cross-sectional Xinjiang 2076 
Ethnicity, maternal age, boiled 
water drinking 
EBF at 4mo postpartum WHO 0.95 
2008 XU, F.L 
Prospective 
cohort 
Xinjiang 1136 
Giving breastmilk as the first feed, 
feeding on demand, mother feeling 
given enough information about 
breastfeeding, minority ethnic 
group, giving birth in spring or 
summer, medical staff not 
recommending formula to parents, 
AF initiation/ EBF initiation WHO 1.00 
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prelacteal feeds of water or 
formula 
2008 TIAN, J.Z Cross-sectional Zhejiang 253 
Neonate disease, early sucking, 
initiation time, breastfeeding 
confidence, delivery method 
FB before discharge WHO 0.73 
2008 YE, C.E Cross-sectional Ninghai 975 Delivery method, health education EBF at 4mo postpartum Non-WHO 0.68 
2008 JIANG, Z.H 
Retrospective 
cohort 
Harbin 310 Initiation time, delivery method EBF at 42d postpartum Non-WHO 0.59 
2008 QIU, L.Q 
Prospective 
cohort 
Zhejiang 1511 
Living in the suburb and rural 
areas, maternal age, mother 
decides to breastfeed until after 
birth, prelacteal feeding 
EBF initiation/ at discharge WHO 1.00 
2010 WANG, H.Z Cross-sectional Changli 1296 Health education, delivery method EBF at 6mo postpartum WHO 0.64 
2012 RUAN, M.J Cross-sectional Beijing 101 
Delivery method, fixed-term job, 
maternal age 
EBF at 4mo postpartum Non-WHO 0.73 
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2012 
HUANG, 
H.T 
Cross-sectional 5 provinces 2522 
Infant gender, ethnicity, region, 
premature birth, low birth mass, 
pregnancy disease, maternal age, 
history of abortion, history of 
induced labour, parity 
EBF within 4mo postpartum Non-WHO 0.95 
2013 JIANG, Y Cross-sectional 4 provinces 1272 
Health education, ethnicity, low 
birth weight 
EBF within 6mo postpartum WHO 0.95 
2013 LIU, L Cross-sectional Shanghai 210 
Household income monthly, 
maternal occupation 
EBF within 6mo postpartum WHO 0.73 
2013 KANG, Y Cross-sectional Chongqing 938 
Infant gender, delivery method, 
income monthly, birth weight, 
duration of maternal leave, 
perception of breastmilk amount, 
prelacteal feeding 
Breastfeeding at 6mo 
postpartum 
Non-WHO 0.91 
2013 WANG, Z Cross-sectional Zhejiang 528 
Infant age, infant gender, early 
feeding, perception of breastmilk 
amount, delivery method 
EBF within 6mo postpartum WHO 0.86 
2013 GUO, S.F Cross-sectional 26 counties 2293 
Maternal antenatal clinic visit, 
child’s age, delivery method 
EBF within 6mo postpartum WHO 0.91 
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2013 LIU, J.H Cross-sectional Jintan 1280 
Delivery method, gender, 
grandmother's education, maternal 
occupation, main caregiver, birth 
order 
EBF within 6mo postpartum Non-WHO 0.91 
2013 QIN, L.L 
Retrospective 
cohort 
Suzhou 612 
Maternal occupation, maternal age, 
birth region, breastfeeding 
professional instruction, delivery 
method 
EBF at 4mo postpartum WHO 0.91 
2013 TANG, L 
Prospective 
cohort 
Jiangyou 695 
Encouragement from facility staff, 
paternal feeding preference, time 
of deciding feeding method, 
maternal grandmother's feeding 
preference 
AF at discharge/ FB at 
discharge 
WHO 1.00 
2013 YU, C 
Prospective 
cohort 
Chengdu 845 
Maternal occupation, paternal 
education, intention of going back 
to work, first feeding, mothers’ 
friends breastfeed their babies, 
paternal job, staff encouragement, 
father’s attitude, maternal 
AF within 15 d postpartum/ FB 
within 15d postpartum 
WHO 
1.00 
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grandmother’s breastfeeding 
history, delivery method 
2014 TANG, Z.J Cross-sectional Guangzhou 315 
Delivery method, household 
income per capita 
BF at 6mo postpartum WHO 0.59 
2014 MA, Y.Q 
Retrospective 
cohort 
Xining & 
Xiaan 
502 NA EBF at 4mo postpartum Non-WHO 0.86 
2014 YANG, Y.L Cross-sectional Wuhan 513 
Health education, delivery method, 
prenatal high risk factors 
EBF within 6mo postpartum Non-WHO 0.50 
2015 WU, Y Cross-sectional Yongkang 667 
Maternal age, maternal occupation, 
household income monthly 
FB at 3mo postpartum WHO 0.91 
FB: full breastfeeding; EBF: exclusive breastfeeding; AF: any breastfeeding  
Score: quality assessment score according to the formal checklist developed by Kmet et al. (2004) 
Chapter 3: Maternal education and breastfeeding practices in China 
76 
 
Table 3-2 Assessment of risk of bias across studies (n=31) included in the systematic review 
Publishe
d year 
Study 
Incomplete 
outcome 
data(Attritio
n bias) 
Selective 
reporting 
(Reportin
g bias) 
Lack of 
adjustment 
for baseline 
characteristic
s 
Failure to 
develop 
and apply 
appropriat
e 
eligibility 
criteria 
Flawed 
measuremen
t of both 
exposure 
and 
outcome 
1993 KE,F.F + + - ? + 
1997 LIN,L + - - + + 
1998 
ZHANG,H.
L 
+ + - ? + 
2000 YU,H.M + - - + + 
2000 JIANG,G.F + + - + + 
2001 XIAO,D.Q + + - ? ? 
2003 LI,L.B + + + + + 
2005 WANG,C.X + + - + + 
2006 XIONG,H.J + - - + + 
2007 YE,J.L ? + + + + 
2008 XU,F.L + + + + + 
2008 TIAN,J.Z + + - ? ? 
2008 YE,C.E - + - ? ? 
2008 JIANG,Z.H + ? - ? ? 
2008 QIU,L.Q + + + + + 
2010 WANG,H.Z + + - ? + 
2012 RUAN,M.J - + - + + 
2012 
HUANG,H.
T 
+ + + + + 
2013 JIANG,Y + + + + + 
2013 LIU,L - + - ? ? 
2013 KANG,Y + + + + + 
2013 WANG,Z - + + ? ? 
2013 GUO,S.F ? + + + + 
2013 LIU,J.H - ? + + + 
2013 QIN,L.L - ? - ? ? 
2013 TANG,L + + + + + 
2013 YU,C + + + + + 
2014 TANG,Z.J + ? - ? ? 
2014 MA,Y.Q + - - + + 
2014 YANG,Y.L + ? - ? ? 
2015 WU,Y + ? + + + 
 
+ Low risk of bias 
- High risk of bias 
? Unknown risk of bias 
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Chapter 4: Modelling longitudinal breastfeeding data 
with time-dependent covariates 
The content of this chapter is covered by a published paper “Zhao, J., Zhao, Y., 
Binns, C. W., & Lee, A. H. (2016). Increased Calcium Supplementation Postpartum 
Is Associated with Breastfeeding among Chinese Mothers: Finding from Two 
Prospective Cohort Studies. Nutrients, 8(10), 622.”. DOI: 
https://doi.org/10.3390/nu8100622. (see Appendix E.1) 
The statement of primary contribution of the first author and the permission to 
include the publication in this thesis can be found in the Appendix A. This paper was 
published in Nutrients under an open access license called “CC-BY”, thus 
permissions to reuse or reproduce the paper from the publisher are not required.  
4.1 Time-dependent nature in longitudinal breastfeeding 
studies 
Longitudinal studies refer to studies where observations of participants/ subjects are 
repeatedly measured over a follow-up period. Longitudinal data that arise from the 
repeated measurements are commonly used for assessing outcome trends over time 
or comparing outcomes between different populations accounting for time effects 
(Diggle et al., 2002; Fitzmaurice et al., 2011; Zeger & Liang, 1992). Such repeated 
measurements cause correlations within subjects, and thus when modelling 
longitudinal data to examine the association between exposures and health outcomes, 
it is necessary to properly account for the intra-subject correlation to obtain 
statistically valid analysis and inference (Diggle et al., 2002; Fitzmaurice et al., 
2011).  
In longitudinal studies, exposure variables are generally measured with the outcomes 
at baseline and different time points during the follow-up. As a result, except the 
intra-subject correlation between measurements, another issue associated with 
longitudinal data is the variation of the values of the exposure variables over time. 
Some exposure variables change their values over the study period while some of 
them may keep unchanged in values. Accordingly, in the analysis of longitudinal 
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data, covariates are classified into two categories, namely, time-independent 
covariates (also known as time-invariant covariates) and time-dependent covariates 
(also known as time-varying covariates). Time-independent covariates refer to those 
covariates which values do not change over time, such as gender (in most instances), 
birth delivery method, born region, blood type and genotype. By contrast, values of 
time-dependent covariates usually vary over time, for instance, lifestyle related 
factors including physical activity status, smoking status, alcohol consumption, and 
dietary intake.  
In longitudinal breastfeeding studies, time-dependent covariates arise often. For 
example, in a longitudinal study where breastfeeding rates over 12 months 
postpartum are evaluated as outcomes, the values of maternal body mass index, 
maternal smoking status and maternal medicine use postpartum could vary over time. 
As another example, in a study where breastfeeding is assessed its association with 
short-term outcomes such as infant hospitalization or infant growth, the status of 
breastfeeding can change over time and hence it can be defined as a time-dependent 
covariate. Unfortunately, there are very few longitudinal breastfeeding studies taking 
the time-dependent nature into account in the analysis.  
4.2 Modelling longitudinal data with time-dependent 
covariates 
Most longitudinal data can be analysed using two classes of models: conditional 
models and marginal models (Fitzmaurice et al., 2011; Zeger & Liang, 1992). 
Conditional models are typically referred to as subject-specific models or mixed-
effects models, in which estimated coefficients have subject-specific interpretations. 
Generalised linear mixed-effects model (GLMM) is widely used as a conditional 
approach in longitudinal data analysis. Marginal models are population-averaged 
models, where estimated coefficients have population-averaged interpretations. The 
generalised estimating equations (GEE) and the generalised method of moments 
(GMM) are two most commonly used marginal models in longitudinal data analysis. 
For a continuous response, the coefficient estimates of conditional models and 
marginal models are numerically equivalent (Fitzmaurice et al., 2011). Therefore, in 
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the following section, we focus on modelling binary longitudinal data with time-
dependent covariates.  
4.2.1 Subject-specific modelling 
Let ijY  denote a binary outcome variable corresponding to the j th observation of the 
i th subject in a subject-specific longitudinal model (random-intercept logistic model) 
as follows: 
0 1 2logit[ ( 1| , , )]
T T
ij ij i i ij i iP Y u u= = + + +X Z X β Z β   
where ijX  indicates a vector of time-dependent covariates collected from the j th 
observation of the i th subject, iZ  is a vector of time-independent covariates 
collected from the i th subject, and iu  is the random effect of the i th subject. In 
general, the random effects iu  are assumed to follow a normal distribution with 
mean zero and variance 2 . Regression coefficients 1β  and 2β  represent the 
influence of covariates (time-dependent and time-independent covariates, 
respectively) on the mean response of a specific subject.  
Unlike linear mixed-effects models, where a closed form of the likelihood function 
can be specified, the maximum likelihood (ML) and restricted maximum likelihood 
(REML) are two common methods for the parameter estimation, numerous 
approximation methods have been proposed for the parameter estimation of 
generalised linear mixed-effects model (GLMM). Wolfinger and O'Connell (1993) 
proposed a pseudo-likelihood approach, Breslow and Clayton (1993) developed a 
penalised quasi-likelihood approach (PQL) and Pinheiro and Bates (1995) proposed 
adaptive Gaussian quadrature. Thorough reviews of the statistical inference of 
GLMM can be found in McCulloch and Searle (2001), Hedeker and Gibbons (2006) 
and Lee et al. (2006).  
4.2.2 Population-averaged modelling 
Generalised estimating equations (GEE) and generalised method of moments 
(GMM) are two most commonly used population-averaged models. GEE approach 
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was proposed by Liang and Zeger (1986) and Zeger and Liang (1986). It is an 
extension of generalised linear models (GLM) with accounting for the dependency 
between the repeated measurements in longitudinal studies (McCulloch & Searle, 
2001). A logistic regression model using GEE approach is as follows:  
0 1 2logit[ ( 1| , )]=
T T
ij ij i ij iP Y = + +X Z X β Z β   
where ijY  denotes a binary outcome variable corresponding to the j th observation of 
the i th subject, ijX  is a vector of time-dependent covariates measured at the j th time 
point for the i th subject and iZ  indicates a vector of time-independent covariates for 
the i th subject. In GEE approach, a “working” correlation matrix is specified to 
account for the correlation between repeated measurements. Different “working” 
correlation structures can be specified and typically used are independent, 
exchangeable, autoregressive and unstructured.  
When repeated measurements are assumed uncorrelated, an independent working 
correlation structure is used:  
1 0 0
0 1 0
0 0 1
 
 
 
 
 
 
Uniform correlations are assumed by an exchangeable structure: 
1
1
1
 
 
 
 
 
 
 
 
 
A first order autoregressive (AR) process is assumed by an autoregressive structure 
(AR1): 
2
2
1
1
1
 
 
 
 
 
 
 
 
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Unconstrained pairwise correlations are assumed by an unstructured matrix: 
12 13
12 23
13 23
1
1
1
 
 
 
 
 
 
 
 
 
where ( , )ij ij ikcorr Y Y =  for outcomes of the i th subject measured at the j th time 
point and the k th time point.  
The quasi-likelihood estimates of 1β  and 2β  are obtained from robust or sandwich 
inference while maximum likelihood inference is not available (Liang & Zeger, 
1986). GEE approach produces efficient estimates for time-independent covariates if 
the working correlation structure is specified correctly. In addition, it provides 
consistent estimates for time-independent covariates even if the assumed working 
correlation is misspecified (Liang & Zeger, 1986). Therefore, GEE can be used to 
model correlated outcomes with time-independent covariates appropriately with 
arbitrary working correlation structures. However, for time-dependent covariates, the 
consistency of parameter estimates using GEE is not assured with misspecified 
working correlation structures (Hu et al., 1998; Pepe & Anderson, 1994).  
The generalised method of moments (GMM), on the other hand, generalises the 
standard method of moments (MM) by allowing the number of moment conditions to 
be greater than the number of parameters. GMM uses an assumption about specific 
moments of random variables instead of the assumption about the entire distribution 
(which would be required in the maximum likelihood framework) (Hansen, 1982). 
Thus, GMM is more robust than the maximum likelihood (ML) and can be adapted 
to a wide variety of applications (Hansen, 2010). Lai and Small (2007) developed a 
new marginal regression approach using GMM to analyse longitudinal data with 
time-dependent covariates and showed substantial gains in efficiency over GEE with 
the independent working correlation. 
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4.3 Modelling binary longitudinal breastfeeding data with 
time-dependent covariates: the association between calcium 
supplementation postpartum and breastfeeding 
4.3.1 Background 
The mineral accretion rate of a neonate reaches about 30–40 mg/kg per day, while 
calcium transfer between mothers and infants is on average 210 mg per day 
(Kalkwarf et al., 1999; Olausson et al., 2012; Trotter & Hixon, 1974). For babies 
who are breastfed exclusively through the first 6 months, the amount of mineral 
demand from the mothers is four times greater than that during 9 months of 
pregnancy (Kovacs & Ralston, 2015). The calcium requirement of mothers during 
lactation has been the subject of much discussion (Kovacs, 2011; Prentice, 2000; 
Thomas & Weisman, 2006). In 2011, the Institute of Medicine published the calcium 
dietary reference intakes by life stage, in which Estimated Average Requirement 
(EAR) of calcium for pregnant and lactating adult women is recommended as 800 
mg (Institute of Medicine, 2011). 
Compared to western countries, the lower consumption of dairy products in China 
results in most Chinese residents having a calcium intake lower than the adequate 
intake (AI) (Chen et al., 2007; Ma et al., 2007; Wang & Li, 2008). In a prospective 
cohort study of women’s health from Shanghai, the median intake of calcium was 
485 mg/day, 60% of calcium from plant sources, and only 20% from milk, which 
was lower than the age group specific AI (800 mg/day for 18–49 years group and 
1000 mg/day for over 50 years group) (Shin et al., 2006; Wang & Li, 2008). Only 
6.25% of perimenopausal women reached the standard of calcium intake in 
Changsha (Deng et al., 2008). The average intake of calcium of Beijing elderly was 
505 mg/day, which was about one half of the recommended adequate intake for the 
elderly (Liu et al., 2004). In the National Nutrition and Health Survey of 2002, fewer 
than 5% reached the adequate intake levels of calcium for all age groups and the 
prevalence of calcium supplementation during pregnancy was 41.4% (He et al., 
2007; Lai et al., 2007). Besides cultural preferences, the lower consumption of dairy 
products in China is attributed to the high rate of lactose intolerance, which is around 
80% to 95% (De Vrese et al., 2001; Wang et al., 1984).  
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The Chinese National Health and Family Planning Commission recommends that 
pregnant women should have a dietary calcium intake of 1000 mg per day from the 
second trimester and increase to 1200 mg per day from the third trimester until the 
end of lactation (National Health and Family Planning Commission of the People's 
Republic of China, 2014). However, low dietary calcium intake in lactating women 
has been reported in different regions of China, as shown in Table 4-1. This suggests 
that calcium supplementation for lactating women is an important public health issue 
to mothers in China based on the current evidence about the benefits of calcium 
intake during lactation on reducing maternal bone loss (Chan et al., 1987; O'Brien et 
al., 2012; O'Brien et al., 2006; Yoneyama & Ikeda, 2004). 
Table 4-1 Dietary calcium intake of lactating women in different regions of China 
Study Location Study Design Study Period 
Average Daily Dietary 
Calcium Intake 
(Postpartum) 
Guangzhou (Li 
et al., 2004) 
Prospective cohort 2002 786.45 mg (12 weeks) 
Hunan (Huang, 
2014) 
Cross-sectional 2011–2012 426 mg 
Beijing, Suzhou 
& Guangzhou 
(Yang et al., 
2014) 
Cross-sectional 2011–2012 
401.4 mg (0–1 month) 
585.3 mg (1–2 months) 
591.2 mg (2–4 months) 
649.0 mg (4–8 months) 
Fujian (Chen et 
al., 2012) 
Prospective cohort 2012 
428 mg (2 days) 
454 mg (7 days) 
595 mg (30 days) 
544 mg (90 days) 
Shanghai (Kong 
et al., 2016) 
Prospective cohort 2014–2015 
749.3 mg (1–3 days) 
781.1 mg (7–9 days) 
762.3 mg (14–17 days) 
768.4 mg (25–27 days) 
678.5 mg (39–41 days) 
The calcium supplementation status during the postpartum period among Chinese 
lactating women is still unclear. The objective of the present study is to utilise data 
from two population-based prospective cohort studies to examine the calcium 
supplementation status and to identify whether breastfeeding is associated with 
increased calcium supplementation among Chinese mothers after childbirth. 
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4.3.2 Method  
Data source 
Two prospective cohort studies were conducted in an urban area, Chengdu (capital 
city) and a rural area, Jiangyou (county-level city), Sichuan Province, China between 
2010 and 2012. Mothers who gave birth to a healthy singleton infant were invited to 
participate before discharge. These two studies used the same methodology based on 
same questionnaires, which had been used in Australia and China (Qiu et al., 2008; 
Scott et al., 2001; Xu et al., 2006) previously, to interview all consented women face-
to-face at discharge, and followed up the participants at one, three and six months 
postpartum by telephone interviews. The baseline interview collected detailed 
information on mothers and newborns, including socio-demographic, obstetric 
characteristics and dietary supplements during pregnancy. The follow-up interviews 
collected detailed information on lactation patterns, durations and dietary 
supplements during the postpartum period. The World Health Organization (WHO) 
standard definition of any breastfeeding was used in these two studies; ‘Any 
breastfeeding’ is defined as the infant has received breast milk (direct from the breast 
or expressed) with or without other drink, formula or other infant food (World Health 
Organization, 2008 ).  
In both studies, as shown in Figure 4-1, calcium supplementation and any-
breastfeeding status were measured at different time points, namely, 1 month, 3 
months and 6 months postpartum. Figure 4-2 shows that any-breastfeeding status 
varies over the follow-up course. Therefore, the variable of interest, any-
breastfeeding status, is a time-dependent covariate. 
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Figure 4-1 Time-dependent covariate (any-breastfeeding) and outcome (calcium 
supplementation) measurement during the follow-up period 
 
Figure 4-2 Any-breastfeeding status transition over the follow-up course 
Ethical approval 
The two cohort studies were approved by the Human Research Ethics Committee of 
Curtin University, Perth, Western Australia (approval numbers: HR169/2009 and 
HR168/2009, respectively). The present study was also approved by the Human 
Research Ethics Committee of Curtin University (approval number: RDHS-101-15). 
The data used in this study were de-identified. 
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Statistical analysis  
As shown in Table 4-2, the outcome of the present study is maternal calcium 
supplementation status (yes or no) measured longitudinally during three different 
postpartum periods (from discharge to 1 month, from 1 month to 3 months, and from 
3 months to 6 months, respectively) at three follow-up time points (namely, 1 month, 
3 months and 6 months postpartum). The main study variable of interest, any 
breastfeeding status, was measured longitudinally at three different postpartum time 
points (discharge, 1 month and 3 months postpartum). Descriptive statistics of 
mothers’ socio-demographic status, obstetric characteristics, calcium 
supplementation during pregnancy and the three postpartum periods, and any 
breastfeeding status at the three postpartum time points were obtained and reported. 
Chi-square test was conducted to compare the calcium supplementation rates 
between breastfeeding group and non-breastfeeding group at the different follow-up 
time points. Generalised linear mixed model (GLMM) was used to examine the 
effect of breastfeeding on calcium supplementation postpartum taking into account 
inherent correlations among repeated measurements, and the breastfeeding status was 
included as a time-dependent variable. Random intercept model without covariates 
(Model I) was run initially to test random intercept effect iu , and then any 
breastfeeding status at the different time points (denoted as ijBreastfeeding ) and an 
indicator variable of measurement times (denoted as 
ijTime ) were added into the 
above Model I to be a Model II. Furthermore, subject level socio-demographic 
covariates (included in vector iX ) such as annual household income, maternal age 
and maternal education were then added into and adjusted for in the Model II to 
formulate a Model III. Finally, obstetric characteristics (also included in vector iX ) 
such as parity, gravidity, infant gender, infant birth weight and infant gestational 
week, together with calcium supplementation during pregnancy, were further 
adjusted for in the Model III to become the final Model IV.  
Model I: 
0logit[ ( =1| )]=ij i iP Y u u +   
Model II: 
0 1 2logit[ ( =1| )]=ij i ij ij iP Y u Time Breastfeeding u  + + +   
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Model III & Model IV: 
0 1 2logit[ ( =1| , )]=
T
ij i i ij ij i iP Y u Time Breastfeeding u  + + + +X X β   
The above regression analysis was carried out for data set extracted from each cohort 
study separately, and the results of Model II and final Model IV were reported. In 
addition, a pooled effect size was calculated using a fixed-effect model given that the 
heterogeneity between the two studies was tested being statistically nonsignificant. 
All statistical analyses were performed by using SAS 9.4 (SAS Institute Inc., Cary, 
NC, USA).  
Table 4-2 Variables included in the generalised linear mixed model (GLMM) 
 Variables description  Value type 
Time-
dependent or 
not? 
Outcome variable 
Maternal calcium supplementation 
postpartum 
Binary (yes 
or no) 
Yes 
Primary variable 
of interest 
Any breastfeeding status 
Binary (yes 
or no) 
Yes 
Measurement 
times 
Indicator variable Ordinal Yes 
Socio-
demographic 
covariates 
Household annual income, 
maternal age & maternal education 
Categorical No 
Obstetric 
covariates 
Parity, gravidity, infant gender, 
infant birth weight & gestational 
week 
Categorical No 
Other adjusted 
covariates 
Calcium supplementation during 
pregnancy 
Binary (yes 
or no) 
No 
 
4.3.3 Results  
Characteristics of participants 
For each cohort, mothers’ baseline socio-demographic status, obstetric characteristics 
and calcium supplementation during pregnancy are presented in Table 4-3. In the 
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Jiangyou study, 695 mothers were interviewed at baseline, and 648 and 620 mothers 
remained in the study at 1 month and 3 months postpartum, respectively. Any 
breastfeeding rate dropped slightly from 93.5% at discharge to 91.1% at 1 month 
postpartum then continuously to 83.7% at 3 months postpartum. In the other cohort 
conducted in Chengdu, 845 mothers were interviewed at baseline and 760 mothers 
were followed up until six months postpartum. Any breastfeeding rate declined from 
93.0% at discharge to 87.9% at 1 month postpartum then substantially to 73.4% at 3 
months postpartum. 
Table 4-3 Characteristics of participants at baseline by breastfeeding status 
Variable 
Cohort in Jiangyou  
(n=695) 
Cohort in Chengdu  
(n=845) 
 BF Non-BF BF Non-BF 
Number of participants 650 (93.5) 45 (6.5) 786 (93.0) 59 (7.0) 
Household annual income (Chinese yuan)     
<2000 186 (31.0) 9 (23.1) 1 (0.2) 0 (0.0) 
2000–5000 309 (51.4) 23 (59.0) 155 (23.5) 12 (24.0) 
>5000 106 (17.6) 7 (17.9) 503 (76.3) 38 (76.0) 
Maternal age (years)     
<25 373 (57.4) 26 (57.8) 156 (19.9) 5 (8.5) 
25-29 163 (25.1) 13 (28.9) 372 (47.3) 28 (47.5) 
>29 114 (17.5) 6 (13.3) 258 (32.8) 26 (44.0) 
Maternal education     
Secondary school or lower 355 (54.6) 25 (55.6) 90 (11.5) 11 (18.6) 
Senior school 215 (33.1) 18 (40.0) 165 (21.0) 11 (18.6) 
University or higher 80 (12.3) 2 (4.4) 531 (67.5) 37 (62.8) 
Parity     
Primiparous 518 (79.7) 37 (82.2) 700 (89.1) 51 (86.4) 
Multiparous 132 (20.3) 8 (17.8) 86 (10.9) 8 (13.6) 
Gravidity     
Primigravida 249 (38.3) 18 (40.0) 430 (54.7) 26 (44.1) 
Multigravida 401 (61.7) 27 (60.0) 356 (45.3) 33 (55.9) 
Infant gender     
Male 328 (50.5) 26 (57.8) 412 (52.4) 34 (57.6) 
Female 322 (49.5) 19 (42.2) 374 (47.6) 25 (42.4) 
Infant birth weight (g)     
<2500 10 (1.5) 2 (4.4) 13 (1.7) 0 (0.0) 
≥2500 640 (98.5) 43 (95.6) 773 (98.3) 59 (100.0) 
Infant gestational week     
<37 8 (1.2) 3 (6.8) 9 (1.2) 2 (3.4) 
≥37 640 (98.8) 41 (93.2) 777 (98.8) 57 (96.6) 
Calcium supplementation during pregnancy     
Yes 410 (63.1) 25 (55.6) 627 (79.8) 47 (79.7) 
No 240 (36.9) 20 (44.4) 159 (20.2) 12 (20.3) 
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Calcium supplementation status postpartum 
Overall, among mothers in the Jiangyou cohort, an inverted U shape of calcium 
supplementation rates at three different postpartum periods was observed, which 
corresponded to 13.4%, 19.4% and 17.7%, respectively. While in the Chengdu 
cohort, a constant decline trend was recorded with 22.5%, 22.2% and 12.0% reported 
at the three postpartum periods. When considering separately for breastfeeding and 
non-breastfeeding groups, as shown in Figures 4-3 and Figure 4-4, the calcium 
supplementation rate in the breastfeeding group was statistically significantly higher 
than that in the non-breastfeeding group for all the different postpartum periods, 
except between discharge and 1 month in the Jiangyou cohort (p=0.36). In the 
Jiangyou cohort, calcium supplementation rates ranged from 13.7% to 21.2% for 
breastfeeding mothers, and ranged from 1.7% to 8.9% for non-breastfeeding 
mothers. In the Chengdu cohort, calcium supplementation rates reduced from around 
23% in the first 3 months postpartum to 14.5% between 3 months and 6 months in 
breastfeeding mothers, and ranged from 5.0% to 14.1% in non-breastfeeding 
mothers. 
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Figure 4-3 Maternal calcium supplementation postpartum in Jiangyou 
 
Figure 4-4 Maternal calcium supplementation postpartum in Chengdu 
Association between breastfeeding and calcium supplementation postpartum 
In Model I (without any covariates) for both cohorts, subject-specific random effect 
was found to be statistically significant. Hence, both the primary variables of interest 
(i.e., breastfeeding status) and the indicator variable of measurement times were 
subsequently added into the Model I for examining the association between 
breastfeeding and calcium supplementation postpartum. As shown in Table 4-4, the 
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likelihood of calcium supplementation in breastfeeding mothers were 5.85 times 
(95% confidence interval (CI) (2.50, 13.72)) and 2.88 times (95% CI (1.50, 5.54)) 
higher of that in non-breastfeeding mothers in Jiangyou and Chengdu, respectively. 
After adjusting for socio-demographic and obstetric factors as well as calcium 
supplementation during pregnancy, the odds ratios (ORs) with and its 95% CI had 
changed appreciably to 6.95 and (2.68, 18.04) in the Jiangyou study, and 3.03 and 
(1.52, 6.02) in the Chengdu study, respectively. The heterogeneity between these two 
studies was not significant (I2=0.479, p=0.17) statistically, therefore a fixed effect 
model was used to pool the ORs of the two studies. The pooled analysis of these two 
cohort studies revealed that calcium supplementation postpartum was significantly 
positively associated with breastfeeding with an adjusted OR=4.02 with a 95% CI of 
(2.30, 7.03).  
Table 4-4 Association between calcium supplementation postpartum and breastfeeding status 
Variable 
Model II Model IV 
Crude ORs (95% CI) Adjusted ORs (95% CI) 
Jiangyou Cohort   
Measurement times *   
At discharge (ref) 1 1 
1 month 1.72 (1.24, 2.38) 1.90 (1.33, 2.70) 
3 months 1.57 (1.12, 2.20) 1.69 (1.18, 2.44) 
Breastfeeding status *   
Non-breastfeeding (ref) 1 1 
Any breastfeeding 5.85 (2.50, 13.72) 6.95 (2.68, 18.04) 
Chengdu Cohort   
Measurement times *   
At discharge (ref) 1 1 
1 month 1.02 (0.74, 1.43) 1.02 (0.72, 1.45) 
3 months 0.31 (0.21, 0.46) 0.30 (0.20, 0.45) 
Breastfeeding status *   
Non-breastfeeding (ref) 1 1 
Any breastfeeding 2.88 (1.50, 5.54) 3.03 (1.52, 6.02) 
Pooled effect size of two studies   
Non-breastfeeding (ref) - 1 
Any breastfeeding - 4.02 (2.30, 7.03) 
Crude ORs (obtained from Model II): Model included breastfeeding status and the indicator 
variable of measurement times; Adjusted ORs (obtained from the final Model IV): Model 
adjusted for socio-demographic variables (household annual income, maternal age and 
maternal education); obstetric factors (parity, gravidity, infant gender, infant birth weight 
and infant gestational week); and calcium supplementation during pregnancy; * p<0.05; ref: 
reference category.  
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4.3.4 Discussion 
To our knowledge, the present study is the first population-based study that 
determines the longitudinal trend of calcium supplementation by Chinese women 
from discharge to 6 months postpartum and the effect of breastfeeding on calcium 
supplementation. A relatively low level of calcium supplementation (less than 23%) 
was observed throughout the postpartum period in either breastfeeding mothers or 
non-breastfeeding mothers. The pooled effect size after adjusting for socio-
demographic variables (household annual income, maternal age and maternal 
education); obstetric factors (parity, gravidity, infant gender, infant birth weight and 
infant gestational week); and calcium supplementation during pregnancy reveals that 
mothers who breastfed their babies were 4.02 times more likely to take calcium 
supplements compared to their non-breastfeeding counterparts during postpartum. 
The present result is consistent with previous findings that breastfeeding mothers 
consumed more calcium than non-breastfeeding counterparts (Chan et al., 2005; 
Laskey et al., 1998; Lopez et al., 1996). One reason leading to the higher calcium 
supplementation in breastfeeding mothers may be the general belief that adequate 
calcium intake is beneficial to breast milk production, and mothers’ special attention 
to infants’ calcium intake under the context of wide shortage of calcium intake for 
Chinese women, in spite of recent evidence demonstrating that calcium 
supplementation in lactation has no significant effect on increasing calcium content 
in breast milk (Jarjou et al., 2006; Kalkwarf et al., 1997; Prentice et al., 1995). The 
other reason might be mothers’ perception of the beneficial effect of calcium 
supplementation on maternal bone loss during lactating. Some studies found little 
benefits of calcium supplementation on maternal bone loss during lactating (Cross et 
al., 1995; Kalkwarf et al., 1997; Zhang et al., 2016), whereas other studies carried out 
in the U.S. and Brazil suggested that higher calcium intake during early lactation 
could minimize the bone loss for the mothers who had daily calcium intake less than 
500 mg (O'Brien et al., 2012; O'Brien et al., 2006). Further investigation on the 
factors contributing to the difference of calcium supplementation between 
breastfeeding mothers and non-breastfeeding mothers as well as the effect of calcium 
supplementation on reducing maternal bone loss during lactation or enhancing 
maternal skeleton remodelling and remineralisation after weaning of breastfeeding is 
recommended.  
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Given the habitually lower calcium dietary intake and relatively high lactose 
intolerance rate in the general Chinese population (De Vrese et al., 2001; He et al., 
2007; Shin et al., 2006), calcium supplementation plays an important role on bone 
health, especially for exclusive breastfeeding women who provide around 300 mg of 
calcium per day to their babies via breast milk which accompany maternal bone 
calcium turnover (Kovacs, 2016).  
This study had several strengths. The existing studies on the association between 
breastfeeding and calcium supplementation postpartum were mainly conducted in 
clinical settings with relatively small sample size. Their findings were mainly 
derived from statistical analysis such as Mann-Whitney U-test (Chan et al, 2005) and 
repeated-measures analysis of variance (Laskey et al, 1998 and Lopez et al, 1996) 
without controlling for confounders nor accounting for inherent correlation between 
repeated measurements. In this population-based study, we utilised data from two 
cohort studies to investigate the longitudinal trends of calcium supplementation at 
three different postpartum time points (i.e., 1 month, 3 months and 6 months 
postpartum) and conducted random effect regression modelling accounting for 
inherent dependency between the repeated measurements. Moreover, since the 
breastfeeding status was measured longitudinally as well in two cohorts, it was 
treated as a time-dependent variable in the analysis to account for possible feedback 
effects between the breastfeeding status and calcium supplementation at different 
times. In addition, our pooled analysis based on the two individual studies yielded 
the combined effect size with a larger sample size and higher statistical power. 
Furthermore, calcium supplementation during pregnancy was adjusted in the 
modelling to control for the consequent effect of calcium intake during pregnancy on 
calcium supplementation during lactation.  
A caveat of this study was that both cohort studies were carried out in Sichuan 
Province, which may limit the results being able to generalise to other regions of 
China. Sichuan Basin has special geographic characteristics, where the number of 
cloudy or rainy days is substantially larger than that in other regions in China, which 
may lead to a relatively lower level of vitamin D synthesis and calcium deficiency 
consequently (Wang et al., 2010). However, to the best of our knowledge, no data 
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were available currently on calcium supplementation during postpartum in other 
regions of China for comparison purpose.  
In conclusion, calcium supplementation during postpartum in Sichuan is variable at 
different times during the postpartum period but is always at a relatively low level 
(less than 23%). Although breastfeeding has a substantive effect on calcium 
supplementation postpartum, dietary supplementation intervention programs and 
health education targeting different subgroups (e.g., breastfeeding mothers and 
bottle-feeding mothers) should be promoted in Chinese women, given a wide 
shortage of dietary calcium intake and calcium supplementation currently during 
postpartum. 
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5.1 Survival analysis 
5.1.1 Time-to-event data and censoring 
Survival analysis, also known as time-to-event data analysis, failure time analysis or 
historical event analysis, refers to a class of statistical methods for analysing time-to-
event data. Time-to-event, or survival time, is defined as the length of time from a 
time origin to the occurrence (or failure) of an event of interest (Kalbfleisch & 
Prentice, 2002; Klein & Moeschberger, 2005; Lee & Wang, 2003). Time-to-event 
data arise commonly in longitudinally designed studies, in which participants are 
usually followed-up and time-to-event is thus measured from the entry of study to the 
occurrence (or failure) of an event of interest, such as survival time of cancer patients 
after treatment, time to relapse after smoking cessation and exclusive breastfeeding 
duration.  
One distinguishing feature of time-to-event data or survival data is the concept of 
censoring. Censoring often occurs when the time-to-event cannot be observed for all 
participants due to loss to follow-up, participants having a different event or early 
study termination, etc. For example, in a study on the survival time of cancer patients 
after specific treatment, participants are followed up for a planned period. If a 
participant drops out from the follow-up, we will not have the information on the true 
survival time of that participant but knowing that the unobserved survival time will 
be longer than the time observed in the study. This form of censoring is generally 
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known as right censoring. There are various types of censoring: left censoring, right 
censoring and interval censoring, among which right censoring is the most 
commonly encountered type of censoring (Klein & Moeschberger, 2005).  
5.1.2 Statistical models used in survival analysis 
Statistical modelling strategy for time-to-event data mainly includes three categories: 
nonparametric, semi-parametric and parametric approach. The classification of these 
approaches is based on the assumption of the baseline hazard function.  
For the nonparametric survival approach, there is no parametric assumption about the 
form of the baseline hazard distribution. The Kaplan-Meier estimator is a typical 
nonparametric technique for estimating the survival function. The Nelson-Aalen 
estimator can be used to estimate the cumulative hazard rate function (Lee & Wang, 
2003). Wilcoxon test, Cox-Mantel test, logrank test and Kruskal-Wallis test are 
commonly used to compare survival distributions between groups (Lee & Wang, 
2003). Nonparametric estimation is useful and efficient when the baseline hazard 
distribution is unknown or hard to specify, however, it is difficult to incorporate 
covariates as predictors in the nonparametric approach.  
In the circumstances, where the primary research interest is on the association 
between covariates/ predictors and time-to-event outcomes, semi-parametric or 
parametric regression models are widely used. The major difference between these 
two types of models is that there is no specification of the baseline hazard function 
required in semi-parametric regression models. Cox proportional hazards model is 
the most popular semi-parametric model to quantify the effects of predictors on the 
time-to-event with a proportional hazards assumption (i.e., a constant hazard ratio 
over time). In general, a Cox proportional hazards model is given below  
0 ( )exp( )
Tt t ( ) = X β , 
where ( )t  refers to the hazard of the event occurring at the time t , 0 ( )t  is an 
unspecified baseline hazard function, X  is a vector of covariates and β  indicates a 
vector of regression coefficients. Considering a single exposure, the hazard ratio of 
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any two individuals from two distinct groups, say, 1X  and 1X  , stratified by two 
values of the specific exposure, is given as 
0 1 11 1 1
1 1 1
1 0 1 1 1 1
( )exp( )( | ) exp( )
exp[( ) ]
( | ) ( )exp( ) exp( )
t Xt X X
X X
t X t X X
  

   
= = = −
  
. 
Thus, hazard ratios in Cox proportional hazards models are approximately constant 
over time although the hazard rates of subjects in different groups change over time.  
In a parametric approach, time-to-event data are assumed to follow a theoretical 
distribution, and commonly used distributions include exponential, Weibull, log-
normal and log-logistic distribution, etc. Parametric survival models can be further 
classified into proportional hazards (PH) model and accelerated failure time (AFT) 
model depending on whether the assumption of the proportional hazards satisfies or 
not. Analogous to Cox proportional hazards model, hazard ratios obtained from 
parametric proportional hazards model can be used to interpret the hazard difference 
between two groups. AFT models quantify the effect of covariates on the logarithm 
of the survival time, which can be interpreted as the effect of a covariate to accelerate 
or decelerate the survival time scale by a constant rate. Thus, the regression 
coefficients of AFT models can be more intuitively interpreted with respect to an 
expected change in median survival time. 
5.2 Time-dependent bias 
As time-to-event data typically arise from longitudinally designed studies, where 
observations are repeatedly measured over the follow-up course, time-varying 
covariates are commonly present in survival analysis. Typical examples of time-
dependent variables are infant's height and weight, which increase as the infant 
grows. Consequently, the associations between these time-varying variables and 
time-to-event outcomes will change over time, suggesting a necessity to account for 
time-varying effects in the statistical analysis.  
Furthermore, if the time-varying nature of exposures is not taken into account, a 
“time-dependent bias” can be introduced into survival analysis (Austin & Platt, 2010; 
Levesque et al., 2010; van Walraven et al., 2004), potentially altering the conclusions 
of the study (Austin et al., 2006; Levesque et al., 2010; van Walraven et al., 2004). In 
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epidemiology, time-dependent bias is also known as immortal time bias. Immortal 
time refers to a period of cohort follow-up or observation time, during which, by 
design, the event of interest cannot occur (Jones & Fowler, 2016; Levesque et al., 
2010; Rothman et al., 2008; Suissa, 2008). Due to immortal time (also known as 
guaranteed survival time), misclassification of exposure and non-exposure groups or 
treatment and non-treatment groups in statistical analysis can result in biased 
estimation of exposure/ treatment effect (Austin et al., 2006; Cho et al., 2017; 
Levesque et al., 2010).  
Time-dependent bias occurs when time-varying covariates are treated as time-fixed 
in survival analysis such as Cox proportional hazards model without considering the 
time-varying nature. The problem of time-dependent bias was first debated and 
discussed in the famous Stanford heart transplant study, in which the 
misclassification of immortal time as exposed to heart transplantation was rectified 
using a time-varying survival modelling strategy (Mantel & Byar, 1974). Since then, 
time-dependent bias has been discussed in several areas of epidemiology (Wolkewitz 
et al., 2012), such as pharmacoepidemiology (Suissa, 2008; Zhou et al., 2005), 
cancer studies (Soderberg-Naucler et al., 2014), infectious disease (Glesby & 
Hoover, 1996), chronic obstructive pulmonary disease (Suissa, 2003) and even 
studies on survival in Oscar winners (Redelmeier & Singh, 2001; Sylvestre et al., 
2006; Wolkewitz et al., 2010).  
In paediatric studies, including breastfeeding studies, where time-varying exposures 
are measured, a conventional survival model ignoring the time-varying nature in 
covariates is still widely used, which may lead to incorrect inferences. Examples of 
such studies include identifying factors associated with breastfeeding duration (Scott 
et al., 2006), assessing the relationship between vaccination and childhood diabetes 
(Rousseau et al., 2016), and determining neonatal factors affecting the development 
of childhood epilepsy (Whitehead et al., 2006).  
As shown in Figure 5-1, we illustrate two different scenarios on occurrence times of 
an exposure of interest in a breastfeeding study setting, where the risk set is defined 
as the set of individuals at risk at some specific time-to-event point (Klein et al., 
2013). In Scenario 1, the exposure occurs after the start of the follow-up and before 
the occurrence of an outcome event (such as cessation of breastfeeding). If a time-
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fixed analysis is performed and the exposure is treated as a static baseline variable, 
the subject will be assigned to the exposed group. However, the time between 
initiation of the follow-up and the occurrence of exposure is ‘immortal’ to the 
occurrence of the event. Thus the subject within this time window should not be 
classified into the exposed group. 
 
Figure 5-1 Occurrence of time-varying exposure: (1) before the event of interest occurrence 
(2) after the event of interest occurrence. 
Scenario 2 considers an exposure is occurring after the occurrence of the event. If a 
time-fixed analysis is performed, the subject associated with this exposure will be 
classified into the exposed group. According to survival analysis theory, an exposure 
can contribute to the occurrence of the event only if it occurs within the time window 
between the onset of the follow-up and the occurrence of the event. Since the 
exposure happens after the occurrence of the event in Scenario 2, it cannot make any 
contribution to the occurrence of the event, indicating that the inclusion of this 
subject into the exposed group for calculating the hazard function is inappropriate. In 
summary, both scenarios illustrate how a time-fixed analysis could potentially lead to 
biased and misleading estimates of effect sizes. 
5.3 Modelling time-to-event data with time-varying covariates 
To account for time-dependent bias, a time-varying covariate approach can be 
implemented in survival analysis. Considering a semi-parametric model, the time-
varying covariate approach is essentially an extended Cox regression analysis 
(Therneau & Grambsch, 2000). Suppose ( , ), 1,..., ,i iT i n =  where iT  is the observed 
time-to-event outcome for the i th subject, i  is the censoring indicator for the event 
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of interest. Let ( )tZ  denote the vector of time-varying covariates and X  the vector 
of other time-invariant covariates. The Cox regression model incorporating the time-
varying covariates for modelling the hazard of the event occurring at the time t , 
( )t , is given by:  
0 0( ) ( )exp{ ( ) }
T Tt t t = +Z β X β  
where 0 ( )t  is an unspecified baseline hazard function for reference subjects; β  is 
the vector of effect sizes of the time-varying covariates and its values represent 
weighted averages of log-transformed hazard ratios; 0β  is the vector of effect 
magnitudes of the time-invariant covariates.  
In the time-varying covariate approach, there are two different computational 
methods to handle the time-varying covariates, namely, the programming statement 
and the counting process. Both methods yield the same results although they request 
different format structures for survival data. In the programming statement, survival 
data are required to be in a standard layout. In other words, survival data are 
displayed as survival time and censoring indicator. The principle of the programming 
statement method is to create a time-varying indicator variable corresponding to a 
time-varying covariate in the computer memory (not in the physical dataset), and the 
value of this time-varying indicator changes over time according to the value of the 
time-varying covariate to reflect the time-varying nature in the data. The time-
varying indicator is finally incorporated in the statistical parameter estimations. The 
programming statements can be normally realised with the help of programming loop 
or condition statements in statistical software, such as SAS and R. In the counting 
process, on the other hand, survival data are manipulated into a (start, stop] format 
structure. As an example shown in Figure 5-2, survival data of breastfeeding duration 
at 12 months and a time-varying variable presented in a standard layout (original 
variables: foodcomtime (time-varying variable), anybftime12 (survival time) and 
censor12 (censoring indicator)) are converted to a counting process form (new 
variables: start, foodcom, stop and event). Unlike the programming statement 
method, the new time-varying covariate foodcom is created in the physical dataset 
and incorporated into the statistical computation directly. 
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Figure 5-2 An example of survival data in both forms: standard layout and counting process 
5.4 Illustration by modelling breastfeeding data 
To illustrate time-dependent bias introduced by using time-fixed variables in the 
conventional survival analysis, the time-varying covariate approach with the 
programming statements was applied to analyse breastfeeding duration data from 
Sichuan Province, China (Tang et al., 2015). This longitudinal study (n=695) was 
conducted between 2010 and 2011 with a 12-month follow-up after childbirth. A 
face-to-face interview was carried out at discharge, and subsequent telephone 
interviews were conducted at 1, 3, and 6 months postpartum to solicit details of 
infant feeding practices and breastfeeding problems experienced by mothers. At 12 
months postpartum, only information of breastfeeding status was collected through a 
brief telephone interview. The breastfeeding duration was measured in days, which 
refers to the time length between breastfeeding initiation and breastfeeding cessation. 
A total of 665 women who initiated breastfeeding after delivery were included in the 
analysis. As shown in Figure 5-3, both scenarios in Figure 5-1 occurred for the 
exposures ‘solid foods introduction’ and ‘maternal return to work’.  
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Figure 5-3 Frequency distributions of women exposed to solid foods introduction and 
maternal return to work within different time windows. 
Two Cox regression models, in which the outcome variable was breastfeeding 
duration, were fitted to the data. Three significant baseline covariates (maternal age, 
place of delivery, and intended breastfeeding duration) identified and published 
previously by the original study were included in the two Cox regression models 
(Tang et al., 2015), but ‘solid foods introduction’ and ‘maternal return to work’ were 
treated as time-fixed baseline variables in Model 1, and time-varying variables in 
Model 2, respectively.  
In Model 1, ‘solid foods introduction’ was coded as ‘0’ if no solid foods were 
introduced over the entire 6-month follow-up period, and ‘1’ if solid foods were 
introduced at any time during the follow-up. Similarly, ‘maternal return to work’ was 
coded as ‘0’ or ‘1’ depending on whether a mother returned to work during the 
follow-up. 
For time-varying variables, data on ‘solid foods introduction’ was collected at 1, 3, 
and 6 months postpartum to measure the time mothers introduced solid foods into 
feeding since the last interview. In Model 2, ‘solid foods introduction’ was coded as 
‘0’ from the start of follow-up and coded as ‘1’ at the first instance when solid food 
was introduced, on the condition that mothers were breastfeeding their babies at all 
times since initiation. Likewise, ‘maternal return to work’ after birth was coded as a 
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binary variable based on the information collected at three time points (namely, 1, 3, 
and 6 months postpartum), with values updated at each interview time point. 
Statistical analysis was accomplished using SAS 9.4 (SAS Institute Inc., Cary, NC, 
USA) and the programming statements are presented in the Appendix F.3.  
Table 5-1 summarises the results from both models. According to Model 1, ‘solid 
foods introduction’ by 6 months postpartum appeared to be ‘protective’ against 
breastfeeding cessation by 12 months, whereas ‘maternal return to work’ by 6 
months was not associated with the breastfeeding duration. On the contrary, Model 2 
indicated that both time-varying variables increased the hazard of discontinuing 
breastfeeding for the mothers by 12 months postpartum, adjusting for other time-
invariant covariates. Moreover, from the perspective of goodness-of-fit, Model 2 
(Akaike Information Criterion (AIC)=4527.27) performed better than Model 1 
(AIC=4932.00). 
Table 5-1 Comparison of effect size estimates between the time-fixed and the time-varying 
analyses 
 
Hazard ratio (95% confidence interval) 
*Model 1 
(Time-fixed 
analysis) 
*Model 2 
(Time-varying 
analysis) 
Solid foods introduction by 6 months 
postpartum 
0.61 (0.50, 0.75) 1.50 (1.17, 1.93) 
Maternal return to work by 6 months 
postpartum 
0.99 (0.73, 1.36) 1.45 (1.06, 2.00) 
*Model was adjusted for time-fixed covariates: maternal age, place of delivery, and 
intended breastfeeding duration.  
Survival curves plotted in R (R Core Development Team, 2017) from the time-fixed 
approach and the time-varying approach are shown in Figure 5-4, Figure 5-5, Figure 
5-6 and Figure 5-7. Note that in Figure 5-6 and Figure 5-7, although both curves 
cross each other at some time point, the hazard ratios of these two covariates are 
statistically significant as (i) the proportional hazards assumption cannot hold for this 
extended Cox model with time-varying covariates since the hazard ratio is dependent 
on time; (ii) the estimated hazard ratio for each covariate is a weighted average of 
hazard ratios over time.  
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Figure 5-4 Survival curve comparing ‘yes’ versus ‘no’ for ‘solid foods introduction’ by 6 
months postpartum based on the time-fixed analysis. 
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Figure 5-5 Survival curve comparing ‘yes’ versus ‘no’ for ‘maternal return to work’ by 6 
months postpartum based on the time-fixed analysis. 
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Figure 5-6 Survival curve comparing ‘yes’ versus ‘no’ for ‘solid foods introduction’ by 6 
months postpartum based on the time-varying covariate approach. 
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Figure 5-7 Survival curve comparing ‘yes’ versus ‘no’ for ‘maternal return to work’ by 6 
months postpartum based on the time-varying covariate approach. 
5.5 Discussion 
In this chapter, we have illustrated two scenarios of time-dependent bias introduced 
by using time-fixed analysis of time-varying covariates in survival analysis. A 
solution, an extended Cox regression, was provided to avoid time-dependent bias. 
We used data from a breastfeeding study as an example to illustrate different results 
yielded from the time-fixed analysis, where the time-varying nature in covariates was 
ignored, and the time-varying covariate approach, where the time-varying covariates 
were accounted for. The time-varying modelling approach generally yields unbiased 
estimates, whereas the time-fixed analysis may produce biased estimates with a 
smaller magnitude. In our example, for both time-varying covariates, ‘solid foods 
introduction’ and ‘maternal return to work’, effect sizes were underestimated in the 
time-fixed analysis due to time-dependent bias, which was consistent with the 
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conclusion in the literature (Austin et al., 2006; Beyersmann et al., 2008; Jones & 
Fowler, 2016; Suissa, 2007).  
Cox model incorporating time-varying covariates is a useful approach to avoid time-
dependent bias in survival analysis. In such a model, the risk sets only include a 
subject as survival and unexposed until the onset of the exposure. If a subject reaches 
the event of interest ahead of the exposure, the exposure status of this subject is 
treated as unexposed at all times. Computationally the estimation procedure of Cox 
modelling with time-varying covariates can be implemented by either the 
programming statement or the counting process method, and both methods result in 
the same estimates. Compared to the counting process method, the programming 
statement method is more flexible to incorporate time-varying covariates with the 
help of programming statements and more efficient and convenient to include a 
bunch of time-varying covariates simultaneously in the modelling. The counting 
process method, however, is disadvantaged by its time consuming and practical 
complexity to include a number of time-varying covariates. However, a drawback of 
the programming statement method is that it needs longer time to complete the 
modelling when the dataset is large as this method occupies computer memories to 
create and analyse corresponding time-varying indicator variables, which may 
prolong the modelling procedure, particularly when there is a large number of time-
varying covariates.  
Since an increasing number of breastfeeding researchers use longitudinal designs to 
collect data and analyse their data by using survival analysis techniques, time-
dependent bias becomes an emerging concern for the validity and credibility of the 
study results. To avoid time-dependent bias and hence ensure unbiased estimates in 
the statistical analysis of breastfeeding studies, the time-varying covariate approach 
is recommended for survival analysis of time-to-event data in the presence of time-
varying exposures. 
5.6 References 
Austin, P.C., Mamdani, M.M., van Walraven, C., & Tu, J.V. (2006). Quantifying the 
impact of survivor treatment bias in observational studies. J Eval Clin Pract, 
12(6), 601-612.  
Chapter 5: Time-dependent survival analysis of breastfeeding data 
113 
 
Austin, P.C., & Platt, R.W. (2010). Survivor treatment bias, treatment selection bias, 
and propensity scores in observational research. Journal of Clinical 
Epidemiology 63(2), 136-138.  
Beyersmann, J., Gastmeier, P., Wolkewitz, M., & Schumacher, M. (2008). An easy 
mathematical proof showed that time-dependent bias inevitably leads to 
biased effect estimation. Journal of Clinical Epidemiology, 61(12), 1216-
1221.  
Cho, I.S., Chae, Y.R., Kim, J.H., Yoo, H.R., Jang, S.Y., Kim, G.R., et al. (2017). 
Statistical methods for elimination of guarantee-time bias in cohort studies: a 
simulation study. BMC Med Res Methodol, 17(1), 126.  
Glesby, M.J., & Hoover, D.R. (1996). Survivor treatment selection bias in 
observational studies: examples from the AIDS literature. Ann Intern Med, 
124(11), 999-1005.  
Jones, M., & Fowler, R. (2016). Immortal time bias in observational studies of time-
to-event outcomes. J Crit Care, 36, 195-199.  
Kalbfleisch, J.D., & Prentice, R.L. (2002). The statistical analysis of failure time 
data (2nd ed.). Hoboken, N.J.: Wiley. 
Klein, J.P., & Moeschberger, M.L. (2005). Survival Analysis: Techniques for 
Censored and Truncated Data: Springer New York. 
Klein, J.P., van Houwelingen, H.C., Ibrahim, J.G., & Scheike, T.H. (2013). 
Handbook of Survival Analysis: CRC Press. 
Lee, E.T., & Wang, J. (2003). Statistical methods for survival data analysis (3rd ed.). 
New York: John Wiley & Sons. 
Levesque, L.E., Hanley, J.A., Kezouh, A., & Suissa, S. (2010). Problem of immortal 
time bias in cohort studies: example using statins for preventing progression 
of diabetes. BMJ, 340, b5087.  
Mantel, N., & Byar, D.P. (1974). Evaluation of Response-Time Data Involving 
Transient States - Illustration Using Heart-Transplant Data. Journal of the 
American Statistical Association, 69(345), 81-86.  
Redelmeier, D.A., & Singh, S.M. (2001). Survival in Academy Award-winning 
actors and actresses. Ann Intern Med, 134(10), 955-962.  
Rothman, K.J., Greenland, S., & Lash, T.L. (2008). Modern epidemiology. 
Philadelphia: Wolters Kluwer Health/Lippincott Williams & Wilkins. 
Rousseau, M.C., El-Zein, M., Conus, F., Legault, L., & Parent, M.E. (2016). Bacillus 
Calmette-Guerin (BCG) Vaccination in Infancy and Risk of Childhood 
Diabetes. Paediatr Perinat Epidemiol, 30(2), 141-148.  
Chapter 5: Time-dependent survival analysis of breastfeeding data 
114 
 
Scott, J.A., Binns, C.W., Oddy, W.H., & Graham, K.I. (2006). Predictors of 
breastfeeding duration: evidence from a cohort study. Pediatrics, 117(4), 
e646-655.  
Soderberg-Naucler, C., Peredo, I., Rahbar, A., Hansson, F., Nordlund, A., & 
Stragliotto, G. (2014). Use of Cox regression with treatment status as a time-
dependent covariate to re-analyze survival benefit excludes immortal time 
bias effect in patients with glioblastoma who received prolonged adjuvant 
treatment with valganciclovir. Int J Cancer, 135(1), 248-249.  
Suissa, S. (2003). Effectiveness of inhaled corticosteroids in chronic obstructive 
pulmonary disease: immortal time bias in observational studies. Am J Respir 
Crit Care Med, 168(1), 49-53.  
Suissa, S. (2007). Immortal time bias in observational studies of drug effects. 
Pharmacoepidemiol Drug Saf, 16(3), 241-249.  
Suissa, S. (2008). Immortal time bias in pharmaco-epidemiology. American Journal 
of Epidemiology, 167(4), 492-499.  
Sylvestre, M.P., Huszti, E., & Hanley, J.A. (2006). Do Oscar winners live longer 
than less successful peers? A reanalysis of the evidence. Annals of Internal 
Medicine, 145(5), 361-363.  
Tang, L., Lee, A.H., & Binns, C.W. (2015). Factors associated with breastfeeding 
duration: a prospective cohort study in Sichuan Province, China. World 
Journal of Pediatrics, 11(3), 232-238.  
Therneau, T.M., & Grambsch, P.M. (2000). Modeling Survival Data: Extending the 
Cox Model. New York: Springer Science & Business Media. 
van Walraven, C., Davis, D., Forster, A.J., & Wells, G.A. (2004). Time-dependent 
bias was common in survival analyses published in leading clinical journals. 
Journal of Clinical Epidemiology, 57(7), 672-682.  
Whitehead, E., Dodds, L., Joseph, K.S., Gordon, K.E., Wood, E., Allen, A.C., et al. 
(2006). Relation of pregnancy and neonatal factors to subsequent 
development of childhood epilepsy: a population-based cohort study. 
Pediatrics, 117(4), 1298-1306.  
Wolkewitz, M., Allignol, A., Harbarth, S., de Angelis, G., Schumacher, M., & 
Beyersmann, J. (2012). Time-dependent study entries and exposures in cohort 
studies can easily be sources of different and avoidable types of bias. J Clin 
Epidemiol, 65(11), 1171-1180.  
Wolkewitz, M., Allignol, A., Schumacher, M., & Beyersmann, J. (2010). Two 
Pitfalls in Survival Analyses of Time-Dependent Exposure: A Case Study in 
a Cohort of Oscar Nominees. American Statistician, 64(3), 205-211.  
Zhou, Z., Rahme, E., Abrahamowicz, M., & Pilote, L. (2005). Survival bias 
associated with time-to-treatment initiation in drug effectiveness evaluation: a 
comparison of methods. Am J Epidemiol, 162(10), 1016-1023.  
Chapter 6: Two-part mixed-effects model time-to-event data zero 
115 
 
Chapter 6: A two-part mixed-effects model for 
analysing clustered time-to-event breastfeeding data 
with clumping at zero 
Part of this chapter is covered by a published paper “Zhao, J., Zhao, Y., Khanal, V., 
Lee, A. H., & Binns, C. W. (2018) Application of a Frailty Modelling Approach to 
Correlated Breastfeeding Duration Data. Nursing Research”. DOI: 
https://doi.org/10.1097/NNR.0000000000000311. ((see Appendix G.2)) 
The statement of primary contribution of the first author and the permission to 
include the publication in this thesis can be found in the Appendix A. The permission 
to reproduce the material from the publisher can be found in the Appendix G.1. 
6.1 Modelling clustered time-to-event breastfeeding data 
6.1.1 Clustered time-to-event data 
In longitudinally designed studies, clustered time-to-event data are commonly 
encountered when recruitments are conducted from subjects who are nested within 
same groups (clustering units). As subjects from the same clustering unit are likely to 
have outcomes correlated with one another, clustered time-to-event data are often 
correlated. This within-group correlation is generally introduced by unmeasured or 
unmeasurable cluster characteristics (e.g., community culture, hospital facility 
policies or health service resources), and needs to be taken into account in analysis, 
otherwise, the corresponding statistical inferences may be subject to underestimated 
standard error, leading to overstatement of statistical significance and an increased 
type I error, hence possibly resulting in incorrect conclusions (Campbell & 
Grimshaw, 1998; Goldstein, 2011; Raudenbush & Bryk, 2002; Zyzanski et al., 
2004).  
To address the correlation within groups for clustered time-to-event outcomes, a 
shared frailty survival model has been developed (Duchateau & Janssen, 2008; 
Hougaard, 2000). The frailty model specifies the correlation within groups by 
assuming that time-to-event outcomes within each group (clustering unit) share a 
common group-specific random effect. Conditional on the common random effect, 
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time-to-event outcomes are assumed to be independent within each group. In 
survival analysis, an exponentially transformed common random effect term is 
generally named as a frailty term because it acts as a multiplicative factor on the 
hazard function. Thus, subjects possessing a larger frailty term within a group are 
more “frail” so that they have shorter event times.  
Statistically, the shared frailty model can be semi-parametric (i.e., Cox frailty model) 
or parametric (i.e., parametric frailty models) depending on whether the distribution 
of baseline hazard function can be specified in advance. A general form of a 
proportional hazards (PH) frailty model can be given as below, 
0
( | , ) ( )exp{ Tij ij i ij it u t u =  + X X β  
where ( | , )ij ij it u X  is the conditional hazard function at time t for the j th subject 
nested in the i th clustering unit with a set of covariates 
ijX ; iu  indicates the random 
effect of clustering unit i , the distributions of the frailty term (exponentially 
transformed iu ) can be gamma, log-normal, inverse Gaussian and compound 
Poisson, among which gamma and log-normal distributions are the two most 
commonly used distributions due to their computational simplicity (Duchateau & 
Janssen, 2008; Hougaard, 2000); 
0
( )t  denotes the baseline hazard function. If 
0
( )t  
is unspecified, the above model is a Cox frailty model, otherwise, it is a parametric 
PH frailty model with a baseline hazard distribution that can be specified in advance 
(Duchateau & Janssen, 2008).  
If the proportional hazards (PH) assumption does not hold, then an accelerated 
failure time (AFT) frailty model can be an alternative approach to handle the 
clustered time-to-event data. The AFT frailty model can be written as  
log Tij ij i ijT u = + + +X β  
where ,   are unknown location and scale parameters, 
ij  has an identical 
distribution of survival time (or failure time) 
ijT , and iu  denotes the random effect of 
clustering unit i . It is remarked that when the baseline hazard distribution of the 
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time-to-event is Weibull or exponential, the PH parametric frailty model and the 
AFT frailty model coincide (Klein & Moeschberger, 2005). 
6.1.2 Modelling clustered breastfeeding duration data using shared 
frailty survival models 
In many of breastfeeding studies, it is commonly encountered that subjects are 
clustered (nested) in groups (clustering units), such as communities, hospitals, or 
health service centres. As a consequence, unobserved or unobservable heterogeneity 
will be introduced by the characteristics of the clustering units. Unfortunately, in the 
analysis of such time-to-event breastfeeding data, researchers often ignore these 
inherent correlations by assuming observations to be independent of each other, and 
conventional survival analysis techniques (e.g., Cox proportional hazards regression 
model) are commonly used for modelling correlated breastfeeding duration (i.e., 
correlated time to breastfeeding cessation). We examined the Medline database for 
breastfeeding duration study papers published from January 1997 to December 2017. 
In the past two decades, of the total 28 breastfeeding duration study articles where an 
inherent correlation was potentially present due to clustered structure, none of them 
adjusted for the inherent correlation (or the heterogeneity between clustering units) in 
their analyses.  
Given the limited application of the shared frailty models in modelling clustered 
breastfeeding duration data, we applied the shared frailty model to fit clustered 
breastfeeding duration data from a maternal cohort in Nepal as an illustrative 
example to make breastfeeding researchers aware of the underlying issues. A 
manuscript based on this part of study has been published in Nursing Research 
journal, which is attached in the Appendix G.2. 
6.2  Data with excess zeros and two-part models 
Data with excess zeros are often encountered in medical and public health studies. 
This type of data are usually characterised as positively skewed and zero-inflated or 
clumped at zero. Failure to account for excess zeros may lead to biased statistical 
inference. Two-part models are commonly used for analysing data with excess zeros. 
Two-part models have been developed since the 1970s and widely applied in a 
Chapter 6: Two-part mixed-effects model time-to-event data zero 
118 
 
variety of areas such as rainfall data (Cole & Sherriff, 1972; Garbutt et al., 1981; 
Stern, 1980), health care data (Cooper et al., 2003; Duan et al., 1983; Manning et al., 
1981; Pohlmeier & Ulrich, 1995), financial data (Brown et al., 2015; J.S. Ramalho & 
da Silva, 2009) and physical activity data (Lee, Xiang, et al., 2010; Lee, Zhao, et al., 
2010). In the two-part model framework, outcomes consisting of positive outcomes 
and excess zeros are usually modelled by two parts: 1) a model for predicting the 
probability of zero observations occurrence, and 2) a model for the continuous 
distribution of positive outcomes. Due to diverse types of outcomes in the second 
part, in the following section, we review two-part models for semicontinuous data, 
count data and survival data, respectively.  
6.2.1 Two-part models for semicontinuous data 
Semicontinuous data can be characterised as mixture outcomes of zeros and positive 
values with a continuous distribution. Aitchison (1955) initially proposed the idea to 
estimate the moments of positive random variables having a discrete probability 
mass at the origin by defining two processes: 1) a non-zero probability for the 
variable with a zero value, and 2) a conditional distribution for the positive values of 
the variable. Since 1980s, two-part models have been increasingly developed and 
applied in health econometrics. Manning et al. (1981) and Duan et al. (1983) 
modelled medical care expenditure using two-part models, where the probability of 
expenditure (use or not) was modelled in the first part and conditional on the 
expenditure incurred, the intensity of expenditure was modelled in the second part. 
As such, the general form of two-part models for semicontinuous data can be written 
as 
The first part (binary part): 
1logit{Pr( 0 | )}
T
i i iY  =X X β   
The second part (continuous part): 
2( | 0, )
T
i i i iE Y Y  =X X β   
where iY  denotes the outcome value of the i th subject, iX  is the vector of covariates, 
1β  and 2β  are namely regression coefficient vectors.  
In longitudinal settings or clustered settings, two-part models can also be used to 
handle excess zeros problem in semicontinuous data with accounting for random 
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effects. Olsen and Schafer (2001) first extended conventional two-part regression 
approach to longitudinal semicontinuous data settings by incorporating random 
effects into both the binary and the continuous parts. In their proposed model, the 
random effects from these two parts were assumed jointly normally distributed and 
possibly correlated. Tooze et al. (2002) proposed a similar two-part model with 
correlated random effects using quasi-Newton optimisation of the likelihood 
approximated by adaptive Gaussian quadrature technique. The two-part model with 
correlated random effects can be specified as 
The first part (binary part): 
1logit{Pr( 0 | , )}
T
ij ij i ij iY u u = +X X β  
The second part (continuous part): 
2( | 0, , )
T
ij ij ij i ij iE Y Y v v = +X X β   
Random effects iu  from the binary part and iv  the continuous part are assumed 
jointly normally distributed and possibly correlated,  
2
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6.2.2 Two-part models for count data with excess zeros  
Excess zeros are commonly encountered in count data (Cameron & Trivedi, 2013). A 
two-part model called hurdle model was proposed by Mullahy (1986) for modelling 
count data with excess zeros. The first part of the hurdle model is a binary model for 
modelling binary response: zero or positive, and the second part is a conditional 
model based on the positive response in the first part. Thus, the second part 
modelling is based on a zero-truncated Poisson distribution. The probability mass 
function of the two-part hurdle model can be written as  
( 0) ,i iP Y p= =   
(1 )
( ) , 1,2,
!1
i
i
j
i i
i
p e
P Y j j
je


−
−
−
= = =
−
, 
where iY  denotes the outcome value of the i th subject, ip  is the probability of zeros 
for the i th subject, j  is the observed count, i  is the expected Poisson count for the 
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i th subject. In hurdle models, zeros are generated by a binary process in the first 
part.  
In contrast to the hurdle model, Lambert (1992) introduced zero-inflated Poisson 
(ZIP) regression models to account for overdispersion arising from excess zero 
counts. In Lambert’s ZIP model, the data were treated as a mixture of zeros and 
outcomes with Poisson distribution. Response outcome iY  for subject i  was assumed 
independent and  
0 with probability 
~
Poisson( )      with probability 1-
i
i
i i
p
Y
p



  
Thus, the resulting distribution has  
( 0) (1 ) ,ii i iP Y p p e
−= = + −   
( ) (1 ) , 1,2,
!
i j
i
i i
e
P Y j p j
j
 −
= = − = , 
where iY  denotes the outcome value of the i th subject, ip  is the probability of 
structural zeros for the i th subject, j  is the observed count, i  is the expected 
Poisson count for the i th subject. Consequently, the ZIP model has two components 
regarding the zero generating process. One is governed by a binary distribution that 
generates structural zeros, and the other is governed by a Poisson distribution that 
generates counts including zeros.  
In longitudinal settings or clustered settings, random effects have been incorporated 
in hurdle models or ZIP models to account for within-subject correlations or within-
cluster correlations. Yau and Lee (2001) proposed a hurdle model with uncorrelated 
random effects to analyse longitudinal count data with extra zeros. Min and Agresti 
(2005) improved the hurdle model by fitting a correlated random effects model. Hall 
(2000) extended Lambert’s ZIP model by incorporating random effects in the 
Poisson process to account for within-subject correlation and between-subject 
heterogeneity. However, random effects in the binary part were not considered in 
Hall’s model. A ZIP model with random effects in both processes were discussed by 
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Min and Agresti (2005). Random effects introduced to account for inter-hospital 
variations and the dependency of clustered length of hospital stay were discussed in a 
zero-inflated negative binomial (ZINB) model proposed by Yau et al. (2003). 
6.2.3 Two-part models for survival data with a surviving fraction 
In the context of survival data, two-part models mainly have been applied to analyse 
time-to-event outcomes with long-term survivors or a cured fraction of patients. In 
conventional survival analysis, it is typically assumed that all of the study 
participants will eventually experience the event of interest if the follow-up is 
sufficiently long. However, a substantial proportion of long-term survivors or cured 
patients are often reported in a variety of studies (Chen, 2013; De Angelis et al., 
1999; Sposto, 2002; Tong et al., 2012). Mixture cure models were first proposed by 
Boag (1949) and later by Berkson and Gage (1952) to analyse survival data when a 
proportion of patients are cured. Farewell (1986) applied a mixture model composed 
of a logistic model and a Weibull model to data from a breast cancer clinical trial. 
The logistic regression was used for modelling the cured probability, and the Weibull 
model was used for fitting the survival function of the uncured patients. In the 
literature, mixture cure models have been extensively discussed by many other 
researchers, including Goldman (1984), Greenhouse and Wolfe (1984), Gray and 
Tsiatis (1989), Kuk and Chen (1992), Sposto et al. (1992), Maller and Zhou (1992, 
1994, 1995), Maller and Zhou (1996), Sy and Taylor (2000), Peng and Dear (2000), 
and Cooner et al. (2007). In mixture cure models, the survival function ( )S t  for the 
entire population can be written as  
*( ) (1 ) ( ),S t S t = + −   
where   refers to the fraction of population who are cured or long-term survivors 
and 
* ( )S t  denotes the survival function for the non-cured group.  
In the context of longitudinal survival data or clustered survival data, Kim and Jhun 
(2008) imposed a common normal frailty effect into a mixture cure model to 
characterise the association between the cure fraction and survival model. Seppa et 
al. (2010) used a pair of random effects to capture the regional variation in the cure 
fraction and the survival model under a Bayesian framework. Peng and Taylor 
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(2011) proposed several estimation methods including Gaussian quadrature, rejection 
sampling, and importance sampling to obtain the maximum likelihood estimates of 
the mixture cure model with random effects and applied the model to clustered 
survival data from a multi-centre tonsil cancer study. Other recent extensive work on 
mixture cure models for analysing clustered survival data with a cure fraction can be 
found in studies by Xiang et al. (2011), Chen et al. (2013), Niu and Peng (2014), 
Gallardo et al. (2016) and Yi et al. (2018).  
6.3 Clustered time-to-event breastfeeding data with clumping 
at zero 
In longitudinal epidemiological studies consisting of a baseline stage and a follow-up 
stage, observations at the baseline stage may contain a notable proportion of negative 
responses (i.e., “No” or “False” to a research question regarding a baseline event of 
interest). In the follow-up stage, only subjects with positive responses (i.e., “Yes” or 
“True” to the same research question regarding the same baseline event of interest) at 
baseline are continuously followed up to measure the time (duration) up to the 
occurrence of a failure event of interest, as a consequence the time to the failure 
event occurrence for those unfollowed-up subjects is denoted as zero. 
A motivating example is the data arising from longitudinal breastfeeding studies, 
which normally have a baseline stage for measuring the prevalence of breastfeeding 
at discharge and a followed-up stage for measuring the duration of breastfeeding. 
Breastfeeding, especially exclusive breastfeeding (EBF), is beneficial to both infants 
and mothers (Gartner et al., 2005; Jordan et al., 2010; Kull et al., 2004; Palmer et al., 
2014). The World Health Organization has recommended EBF for at least 6 months 
(World Health Organization, 2018). However, the prevalence of EBF at hospital 
discharge varies globally and remains low in many countries, for example, 75.6% in 
Australia (Scott et al., 2006), 50.3% in China (Qiu et al., 2009), and 68.6% in Spain 
(Vila-Candel et al., 2017). In other words, there exist a high proportion of non-
exclusively breastfed infants, corresponding to those “no” responses to the status of 
EBF, at discharge (baseline). Their EBF duration (i.e., time to cessation of EBF) 
would be noted as zero.  
Chapter 6: Two-part mixed-effects model time-to-event data zero 
123 
 
These two-stage studies produce two processes of outcome data, namely, a binary 
outcome to describe the prevalence of the event of interest at baseline and a time-to-
event outcome measuring the duration up to the failure event occurring in the follow-
up. Statistical analyses, including logistic regression and survival analysis, for 
identifying factors associated with the prevalence of the baseline event, and with the 
time to the failure event occurrence, are widely performed in the literature. It is 
known that standard survival analysis considers only positive time-to-event outcomes 
so that subjects with a negative response at baseline are excluded from the risk set for 
estimating the survival probability (morbidity or mortality in some instances). 
Consequently, the information from these subjects, which may be important to the 
failure event of interest, is abandoned in the analysis. Given the two-stage data 
structure, in the literature, a framework of two-part model has been introduced to 
analyse outcomes with a two-component structure such as semi-continuous data, 
count data with excess zeros and survival data with a surviving fraction. However, to 
our best knowledge, its application to time-to-event data with clumping at zero is 
limited to the lapse of insurance (Brockett et al., 2008).  
In addition, in epidemiological settings, subjects are often clustered within hospitals, 
communities, or health service centres. It is expected that observations exhibit intra-
cluster correlation due to similar socio-economic, environmental or health conditions 
for individuals in the same cluster. To account for the heterogeneity between 
clustering units, an adjustment for the underlying correlation structure via random 
effects in a two-part model becomes necessary.  
Furthermore, in some cases it is reasonable to assume the binary data and time-to-
event data generated from the two processes are related to each other, indicating an 
inherent correlation between the two stages. In breastfeeding studies, for example, 
mothers in one community which has a higher prevalence of EBF at hospital 
discharge are more likely to have longer EBF durations compared to those in other 
communities. Ignoring such correlation may introduce bias in statistical inferences.  
Therefore, we proposed a two-part mixed-effects (fixed and random effects) 
modelling approach to analyse clustered time-to-event data with clumping at zero, 
with application to EBF data as an illustrative example. Correlated random effects 
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accounting for possible correlation between baseline and follow-up stages were taken 
into account in this approach.  
6.4 Modelling clustered time-to-event breastfeeding data with 
clumping at zero using a two-part mixed-effects model 
6.4.1 Model specification 
We consider that longitudinal observations can be partitioned structurally into two 
parts. The first part is a baseline part (Part 1), where subjects’ statuses regarding a 
‘baseline event’ are observed. Examples of positive responses to the ‘baseline event’ 
include “EBF at discharge” or “hold a health insurance at baseline”. The second part 
is a follow-up part (Part 2), where positive time to a ‘failure event’ of interest, 
conditional on the positive baseline response in the first part, is observed. Examples 
of the ‘failure event’ could be “EBF cessation” or “health insurance lapse”.  
Suppose the observations from a longitudinal epidemiological study are given as 
below:  
1
( , ),   1, , , 1, , ,  Ν ,
n
ij ij i i
i
y j n i n n
=
= = =   
where ijy  is the observed time to event for the j th subject within the i th cluster, and 
ij  is the censoring indicator for the event. For each subject 1,2, , ij n=  within a 
cluster 1, 2, ,i n= , let a binary response variable 1ijZ =  corresponding to the 
positive response to the baseline event and 0ijZ =  otherwise in Part 1. The 
likelihood function is then given by  
( , ): 1 ( , ): 0 ( , ): 1 ( , ): 0 ( , ): 1
( ) ( , , ) (1 ) [ (1 )][ ( , , )],
ij ij ij ij ij
ij ij ij ij ij ij ij ij
i j Z i j Z i j Z i j Z i j Z
L p f y p p p f y 
= = = = =
= − = −    γ,β β β   
where ( , ) ( 1| )ij ij ij ijp p p Z = = =γ  is the probability of the baseline event 
occurrence for the j th subject within the i th cluster for given covariates ijx  via 
,ij ij ix u = +γ  with iu  being the random effects for adjusting the subject-level 
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correlation at baseline and the parameter vector γ  represents the effects of ijx  on the 
binary outcome; ( , , )ij ijf y  β  denotes the probability density of the observed time to 
the failure event ijy  for covariates ijw  via ij ij iw v = +β , with iv  being the random 
effects for adjusting the subject-level correlation in the follow-up and β  is parameter 
vector associated with ijw . The likelihood function ( )L γ,β  can be factorised into two 
parts as  
1
( , ): 1 ( , ): 0
( ) (1 )
ij ij
ij ij
i j Z i j Z
L p p
= =
= − γ  and 2
( , ): 1
( ) ( , , )
ij
ij ij
i j Z
L f y 
=
= β β .  
Here, this two-part mixed-effects model aims to: (i) determine factors associated 
with the prevalence of the baseline event of interest; (ii) assess associations between 
exposures and time-to-event outcomes; (iii) capture/ account for the possible 
correlation between the prevalence part and the time-to-event part. 
Part 1: logistic mixed-effects regression model  
For the first part 1 ( )L γ , a logistic mixed-effects regression model can be applied to 
achieve the first objective via  
log( / (1 ))ij ij ij ij ip p x u − = = +γ   
Part 2: parametric frailty model  
For the second part 2 ( )L β , either a conditional semi-parametric Cox proportional 
hazards model with random effects (i.e., Cox frailty model) or a class of conditional 
parametric survival models incorporating random effects (i.e., parametric frailty 
models) can be used. However, compared to semi-parametric proportional hazards 
model (i.e., Cox proportional hazards model), parametric survival models provide 
more efficient and informative estimations when the baseline hazard function could 
be specified in advance (Duchateau & Janssen, 2008; Nardi & Schemper, 2003). 
Thus we focus on parametric frailty models in Part 2 modelling. The resulting log-
likelihood function is given by  
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where ( ; , )ij ijS y  β  is the survival function, and ( ; , )ij ijh y  β  is the hazard function, 
ij ij iw v = +β . The hazard function can be one of the various forms depending on 
different distributions of the time-to-event outcome ijy , including Weibull, 
exponential, log-logistic and log-normal. In practice, gamma and lognormal are 
commonly used distributions for the frailty term (exponential transformation of the 
random effects) in the above frailty model (Duchateau & Janssen, 2008).  
Assumption on random effects iu  and iv  
For the relationship between random effects iu  and iv  in Part 1 and Part 2, the 
study considers the following two assumptions: 
1) If iu  and iv  are assumed to be independent, following a normal distribution 
2(0, )uN   and 
2(0, )vN  , respectively, the approach is an independent two-part mixed-
effects modelling.  
2) If iu  and iv  are assumed to be correlated, following a bivariate normal 
distribution with a variance-covariance matrix 
2
2
0
~ ,
0
u vi u
i u v v
u
N
v
 
  
    
            
, the 
approach is a correlated two-part mixed-effects modelling. 
6.4.2 Parameter estimation 
When the random effects iu  and iv  are independent and the likelihood function 
( )L γ,β  then allows for different sets of covariates in both parts, it is computationally 
feasible and fully efficient to fit the two regression models separately. When the 
random effects iu  and iv  are assumed to be correlated, the Laplace approximation 
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(Olsen & Schafer, 2001) or adaptive Gaussian quadrature (Liu et al., 2010; Tooze et 
al., 2002), which has been utilised to handle correlated two-part random effects for 
modelling semi-continuous data, can be adapted. Under either assumption, model 
fitting and parameters estimation can be conveniently implemented by using the 
adaptive Gaussian quadrature technique available in PROC NLMIXED of SAS (SAS 
Institute Inc., Cary, NC, USA). The SAS codes used in our illustrative example can 
be found in the Appendix G.3. 
6.5 An illustrative example 
6.5.1 Breastfeeding data 
A community-based maternal cohort study was conducted in Nepal between January 
and October 2014 to determine factors affecting the breastfeeding duration, involving 
27 randomly selected communities (15 village development committees and 12 
wards of two municipalities). Details of the study design, setting and sampling had 
been reported previously (Khanal et al., 2015). Briefly, a total of 735 mothers were 
recruited and interviewed shortly after giving birth, and those mothers who 
confirmed they exclusively breastfed their infants were followed up for measuring 
the EBF duration by six months postpartum. Information about the EBF duration 
(i.e., time to EBF cessation) was collected for mothers who were exclusively 
breastfeeding their babies at baseline. The final sample (N=649) excluded 86 
mothers who delivered at home. 
6.5.2 Two-part modelling procedure 
Study variables 
The status of EBF at baseline was coded as a binary outcome with ‘1’ for EBF and 
‘0’ for non-EBF and used as the outcome variable in Part 1 logistic mixed-effects 
regression model. For those mothers who exclusively breastfed their infants at the 
baseline interview, the EBF duration (days) up to 6 months postpartum obtained in 
the follow-up was used as the outcome variable in Part 2 parametric frailty model. 
Three covariates, namely, birth mode (caesarean section vs natural birth (reference 
group)), grandmother feeding preference (breastfeeding vs other feeding (reference 
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group)), and mother-child bonding (yes vs no (reference group)), were included in 
both two parts of the model.  
Identifying an appropriate baseline hazard function  
For Part 2 parametric frailty model, an appropriate form of the baseline hazard 
function needs to be specified. With no other suggestive information available from 
the data, we fitted the data with three commonly used event time distributions, 
namely, Weibull, exponential and log-logistic, without any covariates, then 
compared their Akaike information criterion (AIC) values. The one with the smallest 
AIC value was chosen as the baseline hazard function. 
Assessing correlation between two stages of random effects 
The breastfeeding data were fitted with a logistic mixed-effects model, and a 
parametric accelerated failure time (AFT) frailty model initially assuming 
independent random effect iu  and iv . Empirical Bayes estimates of the random 
effects were plotted against each other to examine the degree of correlation between 
the two random effects. The Pearson’s correlation coefficient between the estimated 
iu  and iv  ( 1,2, , 27i = ) was calculated as well.  
Fitting data with a two-part mixed-effects model incorporating correlated 
random intercepts 
The adaptive Gaussian quadrature technique was used for parameter estimation via 
the SAS NLMIXED procedure. Maybe due to data scaling issues (Kiernan et al., 
2012), the estimation procedure fails to converge with this dataset. We also 
suspected that unequal numbers of observations used in the correlated two-part 
modelling may cause some problems related to a non-invertible variance-covariance 
matrix in parameter estimation. As a computational solution, to ensure the two-part 
regression models having the same number of observations, each zero EBF duration 
observation was transformed by adding a very small positive value (e.g., 1E-6), and 
was then included as a censored observation in Part 2 parametric frailty modelling.  
Sensitivity analyses were performed to evaluate the robustness of the results after 
transformation of zero observations in Part 2 parametric frailty modelling. The 
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parameter estimation and goodness-of-fit were compared between models excluding 
zero observations and including transformed zero observations. 
6.5.3 Results 
Among those 649 mothers, 434 mothers (66.9%) exclusively breastfed their infants 
at baseline, leading to 33.1% ‘zero’ EBF duration observations. Conditional on those 
mothers who practiced EBF at baseline, only 434 mothers were followed up to six 
months postpartum for measuring the EBF duration. In Part 2, the Weibull 
distribution, which has the minimum AIC=283.97 compared with 926.02 for the 
exponential distribution and 354.71 for the log-logistic distribution, was identified 
and chosen as the most appropriate distribution for the EBF duration data. As shown 
in Figure 6-1, a positive correlation (r=0.55, p=0.003) was found between the 
random effects iu  and iv , suggesting an inherent correlation between the 
occurrence of EBF for mothers after giving birth and time to EBF cessation by 6 
months postpartum. 
 
Figure 6-1 Correlation between random effects estimated from two independent models (the 
logistic mixed-effects model and the Weibull AFT frailty model). 
A correlated two-part mixed-effects model was consequently fitted to the data while 
a two-part mixed-effects model assuming independent random effects was also fitted 
Chapter 6: Two-part mixed-effects model time-to-event data zero 
130 
 
for comparison purpose. As shown in Table 6-1, a significantly positive correlation 
( 0.67 = , p<0.001) between the two parts was confirmed, indicating that the 
independent random effects assumption was inappropriate. It suggested that there 
was a positive correlation between the baseline prevalence of EBF and EBF duration, 
that is, mothers in a community which has a higher prevalence of EBF at hospital 
discharge intended to have longer EBF durations. There were only slight differences 
in the estimated regression coefficients between the independent and correlated two-
part mixed-effects models; however, variance components estimated by the 
independent two-part model were slightly smaller than those by the correlated two-
part model, which also fitted the data better with a smaller -2 log-likelihood.  
Table 6-1 Parameter estimates in the two-part model with different assumptions 
(independent or correlated) for breastfeeding data 
Parameters 
Independent two-part 
model 
 Correlated two-part model 
Estimate SE p  Estimate SE p 
Part 1 logistic mixed-effects 
model 
       
Intercept 0.8361 0.4564 0.078  0.8381 0.4584 0.080 
Birth mode -1.8801 0.2777 <.0001  -1.9039 0.2785 <.0001 
Grandmother feeding preference 0.4480 0.3485 0.21  0.4691 0.3472 0.19 
Mother-child bonding 0.1443 0.2916 0.62  0.1407 0.2894 0.63 
Part 2 Weibull AFT frailty model        
Gamma 4.9438 0.2146 <.0001  4.9465 0.2146 <.0001 
Intercept 4.8690 0.0518 <.0001  4.8689 0.0510 <.0001 
Birth mode -0.0462 0.0399 0.26  -0.0491 0.0397 0.23 
Grandmother feeding preference 0.0772 0.0413 0.073  0.0781 0.0410 0.068 
Mother-child bonding 0.0798 0.0360 0.035  0.0736 0.0355 0.049 
2
u   1.4218 0.5515 0.016 
 1.4928 0.5702 0.015 
u v        0.1111 0.0474 0.027 
2
v   0.0182 0.0064 0.0083 
 0.0186 0.0065 0.0082 
Correlation coefficient (  )     0.6668 0.1513 0.0002 
-2 log-likelihood (both parts) 4277.8  4269.2 
The sensitivity analyses showed that the transformation of zero EBF durations in Part 
2 time-to-event analysis did not affect the robustness of parameter estimation and 
model fit. Parameter estimates and the goodness-of-fit were exactly equivalent 
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between the model without zero EBF durations and the model including transformed 
zero EBF durations as censored observations. 
6.6 Discussion 
A two-part mixed-effects modelling approach was proposed for analysing clustered 
time-to-event data with clumping at zero. This approach takes into account the 
correlation within each clustering unit by incorporating random effects in each part. 
This approach further takes into account the possible correlation between the two 
random effects, that is, the correlation between the baseline prevalence and the 
followed-up time-to-event outcomes. Compared to the conventional survival 
analysis, this approach makes full use of all available information at baseline and 
during the follow-up. In addition to breastfeeding studies, the approach can be 
applied to other epidemiological areas, in which clustered/ longitudinal time-to-event 
outcomes with clumping at zero arise. 
Similar two-part mixed-effects modelling approaches have been discussed widely in 
the literature (Farewell et al., 2017), but most existing works have been focused on 
longitudinal semi-continuous data (Lee & Xiang, 2011; Olsen & Schafer, 2001; Su et 
al., 2009; Tooze et al., 2002), and longitudinal count data with excess zeros (Lee et 
al., 2006; Yau & Lee, 2001). Applications of the two-part mixed-effects model on 
clustered time-to-event data with clumping at zero are very sparse. To our best 
knowledge, our proposed two-part mixed-effects model is the first attempt to deal 
with such type of data.  
As discussed in the work by Su et al. (2009), an incorrect assumption about the 
correlation between random effects in the two parts can introduce bias in the two-part 
modelling of semi-continuous data. The results obtained from the illustrative 
example in our study showed a consistent conclusion that the variance component 
was underestimated in Part 2 survival modelling if the model was misspecified as 
independent random effects when the correlation between two parts existed.  
Clustered time-to-event data are often encountered in longitudinal epidemiological 
studies. The proposed correlated two-part mixed-effects modelling approach takes 
into account the correlations possibly presenting in a two-level hierarchical data 
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structure, i.e., subjects nested within different clustering units, via random effect 
terms iu  and iv  in the model. The method can be extended to handle higher level 
hierarchical or a multilevel data structure, by specifying a corresponding variance-
covariance structure for depicting correlations between random effects. 
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Chapter 7: Conclusion and discussion 
7.1 Summary 
The work presented in this thesis is intended to shed light on some unsolved common 
methodological problems/ issues in statistical modelling of diverse types of 
breastfeeding data.  
In line with its specific objectives, this thesis started with two systematic review and 
meta-analysis studies (as presented in Chapter 2 and Chapter 3) to examine the 
associations between two pertinent factors (namely caesarean section and maternal 
education) and breastfeeding practices in China using aggregated data from 
publications (original studies if applicable).  
Next, different statistical models and approaches for modelling breastfeeding 
individual participant data sourced from longitudinally designed studies were 
proposed and presented in Chapter 4, Chapter 5 and Chapter 6. Some key 
epidemiological or statistical methodological problems were addressed, including 
time-dependent exposures modelling in longitudinal breastfeeding data analysis, 
time-dependent bias in modelling time-to-event breastfeeding data, and the issue of 
heterogeneity between clustering units and excess zeros in modelling clustered time-
to-event breastfeeding data. Furthermore, this thesis also presented the applications 
of these statistical models and approaches on modelling empirical breastfeeding data 
collected from different studies as illustrative examples.  
From a methodological perspective, we presented an updated statistical analysis 
framework for modelling breastfeeding data from various sources.  
• In Chapter 2 and Chapter 3, we demonstrated the use of meta-analysis 
techniques to synthesise evidence from aggregated data. Cutting-edge meta-
analysis techniques including fixed-effects/ random-effects methods, meta-
regression, subgroup analysis, sensitivity analysis, publication bias test and 
visual inspection techniques (Galbraith plot and funnel plot) were used for 
modelling aggregated breastfeeding data.  
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• The method outlined in Chapter 4 addressed a crucial modelling issue of 
time-dependent exposures in longitudinal breastfeeding data analysis. We 
incorporated time-dependent exposures into the generalised linear mixed-
effects model (GLMM). The time-dependent nature of the exposures and the 
inherent correlation within subjects are simultaneously accounted for in this 
subject-specific conditional model. Effect sizes of the time-dependent 
exposures estimated from the GLMM are averaged over all subjects with 
justification of subject-specific random-effects. Additionally, comparisons 
between repeated responses can be drawn from the modelling results. The 
GLMM incorporated with time-dependent exposures and random effects was 
applied to longitudinal breastfeeding data from two prospective cohort studies 
in China.  
• In Chapter 5, we discussed time-dependent bias introduced by ignoring the 
time-varying nature of exposures and misclassification of time-varying 
exposures in the time-fixed analysis of time-to-event breastfeeding data. 
Biased estimation of exposure/ treatment effect can result from statistical 
analysis when time-dependent bias is not accounted for. We illustrated two 
different scenarios on occurrence times of time-varying exposures in a 
breastfeeding study setting followed by an illustrative example of modelling 
time-to-event breastfeeding data using a time-varying covariate approach via 
an extended Cox model. Two different computational methods in the time-
varying covariate approach, namely, the programming statement and the 
counting process, were discussed and compared in this chapter. In the 
presence of time-varying exposures, the time-varying covariate approach 
generally yields unbiased estimates, whereas the time-fixed analysis may 
produce biased estimates with a smaller magnitude.  
• In Chapter 6, we discussed the heterogeneity (between clustering units) issue 
in the statistical analysis of clustered time-to-event data, and both semi-
parametric and parametric shared frailty models were applied to clustered 
time-to-event breastfeeding data from a community-based maternal cohort 
study in Nepal. Furthermore, when simultaneously dealing with the 
heterogeneity issue and another problem of excess zero observations, a novel 
two-part mixed-effects model for analysing clustered time-to-event data with 
clumping at zero was formulated. Two-part model framework has been 
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extensively applied to semi-continuous data (Duan et al., 1983; Manning et 
al., 1981; Olsen & Schafer, 2001; Tooze et al., 2002), zero-inflated count data 
(Cameron & Trivedi, 2013; Lambert, 1992; Min & Agresti, 2005; Yau & 
Lee, 2001; Yau et al., 2003), but sparsely in time-to-event data with clumping 
at zero (Brockett et al., 2008), especially clustered time-to-event data with 
clumping at zero. In our proposed two-part mixed-effects model, we 
structurally partitioned the longitudinal observations into two parts: a baseline 
binary process and a time-to-event process conditional on the positive 
responses in the first part. Both parts can be linked with one another via a 
possible correlation at the clustering unit level. Thus, this approach makes 
full use of all available information at baseline and during the follow-up.  
From a public health implication perspective, this thesis provided some new insights 
and evidence for future relevant breastfeeding promotion and health policy decision 
making within infant nutrition or wider area.  
• The results of the first systematic review and meta-analysis on the association 
between caesarean section and breastfeeding practices confirmed that the 
likelihood of breastfeeding was significantly lower after caesarean section 
compared with natural birth in China. Given the notably high rate of 
caesarean section in China, health policy and measures to improve 
breastfeeding outcomes should target the reduction of caesarean rate and 
health intervention after caesarean delivery in China. 
• The second systematic review and meta-analysis on the association between 
maternal education and breastfeeding revealed a negative association between 
maternal education and breastfeeding practices, indicating that higher 
maternal education is associated with lower breastfeeding prevalence in 
China. This is a different finding compared to those conclusions drawn from 
studies in most Western countries. This finding suggests that relevant 
breastfeeding promotion programs may need to target special groups 
including better-educated mothers. Enhancing community acceptability of 
breastfeeding integrated with the supportive role of midwives is also an 
important aspect.  
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• The results from the study on the association between calcium 
supplementation postpartum and breastfeeding (Chapter 4) suggested that 
calcium supplementation postpartum was at a relatively low level for Chinese 
women, and breastfeeding mothers were more likely to take calcium 
supplements compared to their non-breastfeeding counterparts during the 
postpartum period. It is well known that calcium supplementation has 
significant impacts on bone health, especially for women who exclusively 
breastfeed their babies. Given the habitually lower calcium dietary intake, 
relatively high lactose intolerance rate and current wide shortage of dietary 
calcium intake and calcium supplementation in the general Chinese 
population, the findings of Chapter 4 suggest dietary supplementation 
intervention programs and health education should be promoted in Chinese 
women with special emphasis on different subgroups, such as breastfeeding 
mothers and bottle-feeding mothers.  
7.2 Recommendations for future research directions  
• Based on the synthesised evidence from the two systematic review and meta-
analysis, future interventions focusing on promoting and improving 
breastfeeding practice and taking priority attentions to special groups, 
including mothers with caesarean delivery or attaining higher education, need 
to be pursued in China. 
• Marginal approach for modelling longitudinal data with time-dependent 
covariates  
In this thesis, we addressed the issue of time-dependent exposures in 
statistical modelling longitudinal breastfeeding data by using a conditional 
approach via a GLMM, which estimates coefficients with subject-specific 
interpretations. When population-averaged interpretations of estimated 
coefficients are needed, another commonly used longitudinal data analysis 
approach, marginal model (including GEE and GMM) (Hu et al., 1998; Lai & 
Small, 2007; Lalonde et al., 2014; Pepe & Anderson, 1994; Zeger & Liang, 
1986), can be utilised in the similar context.  
• Simulation studies based on different scenarios evaluating the statistical 
property of candidate methods such as landmark analysis and time-dependent 
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Cox regression to account for time-dependent bias are recommended in future 
research.  
• Two-part model development  
We proposed a two-part mixed-effects model to address the issue of 
augmented zeros in statistical modelling clustered time-to-event data in this 
thesis. The adaptive Gaussian quadrature technique was used to handle 
correlated random-effects between the two parts. However, in the illustrative 
example dataset, the estimation process of the two-part mixed-effects model 
was difficult to get converged. A Bayesian approach based on Markov Chain 
Monte Carlo methods may be an alternative approach for the statistical 
computation, although much longer computing time is anticipated (Cooper et 
al., 2007; Ghosh & Albert, 2009; Neelon et al., 2011; Zhang et al., 2006). 
Furthermore, comprehensive statistical simulation experiments to evaluate 
the properties and sensitivity of the proposed two-part mixed-effects model 
under different scenarios and conditions are warranted in further 
investigations.  
7.3 Conclusion  
This thesis contributes to the body of knowledge on statistical modelling of 
breastfeeding data. A series of updated and rigorous statistical models or approaches 
have been developed or utilised to address some key methodological problems in 
modelling breastfeeding data. Therefore, these models or approaches will be useful 
and beneficial to other researchers working in the field of infant nutrition and similar 
areas. 
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F.3 SAS example codes of time-varying modelling  
/*Example 1: solid foods introduction*/ 
proc phreg data=survival dataset; 
class placeofdelivery(ref=last); 
model anybftime12*censor12(1)=placeofdelivery foodintro;   
 /*foodintro: time-varying covariate; placeofdelivery: time-invariant covariate*/ 
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if foodintrotime>anybftime12 OR foodintrotime=. then foodintro=0;  
else foodintro=1; 
/*foodintrotime: a variable measured to indicate the time when mothers introduced 
solid foods into feeding*/ 
run; 
/*time-varying covariate only created in the computer memory for computing, not a 
real variable in the survival dataset*/ 
 
/*Example 2: maternal return to work*/ 
proc phreg data=survival dataset; 
class placeofdelivery(ref=last); 
model anybftime12*censor12(1)=placeofdelivery yesreturnwork; 
/*yesreturnwork: time-varying covariate; placeofdelivery: time-invariant covariate*/ 
array time(*)time1-time3; 
/*time1-time3: 3 different follow-up time points after birth*/ 
array yesrework(*) yesrework1-yesrework3; 
/*yesrework1-yesrework3: maternal return to work status measured at 3 follow-up 
points, respectively; binary variable*/ 
Do j=1 to 3; 
if anybftime12>time[j] AND time[j] NE . then yesreturnwork=yesrework[j]; 
end; 
run; 
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G.3 SAS codes for two-part modelling  
proc nlmixed data= tpm; 
bounds gamma>0; 
***Logistic component***; 
eta1=betal_0+betal_1*birthmode+betal_2*grandmapref+betal_3*bonding+ranl;/*ran
l is the random effect in the logistic part*/ 
p=exp(eta1)/(1+exp(eta1)); 
if ebfbase=0 then loglik=log(1-p);/*log likelihood for the first Logistic regression 
part*/ 
***Survival component***; 
if ebfbase=1 then do; 
eta2=betas_0+betas_1*birthmode+betas_2*grandmapref+betas_3*bonding+rans;/*ra
ns is the random effect in the survival part*/ 
alpha=exp(-eta2); 
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loglik=log(p)-(alpha*ebfduration)**gamma+(censor=0)*(-gamma*eta2+(gamma-
1)*log(ebfduration)+log(gamma));/*log likelihood for the Weibull survival part 
censor=1 indicates censored observation*/ 
end; 
model ebfduration~general(loglik); 
random ranl rans ~ normal([0,0],[exp(2*logsigl),cov_l_s,exp(2*logsigs)]) 
subject=CommunityCode; 
estimate 'correlation coeffecient(ranl_rans_rho)' cov_l_s/(exp(logsigl)*exp(logsigs)); 
estimate 'variancel' exp(2*logsigl); 
estimate 'variances' exp(2*logsigs); 
run; 
 
